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_A brief history: of 


- using high-strength bolts. The use of the pneumatic wrench and procedures eS 
4 for determining bolt tension are described. Numerous examples of use of high- i 


strength bolts are cited and illustrated. ‘ods 


"Bolts have bee ‘been used in structural steel connections since the very ently’ ah 
en of steel fabrication, and in various specifications governing the design, 
fabrication, and erection of steel their use under certain conditions has been — 
recognized. Until the early 1950’s the types of bolted joints permitted could 
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ifs 


"means of a “driving fit” at the time of installation. . bone 
.1947.an entirely new concept of bolted. 
P joints came into .being.as. a; result of the research work and investigations aetae 
sponsored by the Research Council on Riveted and Bolted Structural Joints Se 


and titles given are 
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or drilled holes; and t” joint, in tne flu ial and bearing 
in reamed Or bed” or “rivet-bolt h material an os 
bolt is slightly larger 
— 
ungineering laces it: in-a differ ioned. This joint — 
| types Of 


Ms. 


Since January 15, 1947, when the Research ‘Council was organized, this 
; +10 new type of joint has had an increase in : acceptance and usage that hasseldom 
_ been matched by any other newly introduced method in structural steel 
assembly. It has been accepted by both structural engineers and bridge 
> engineers as a connection that is suitable not ae for static loads but also for “et 


William H. Munse, A. M. ASCE, written* of the laboratory research 
‘ ae pm field research that led to the development of the “Specifications for As- K 
sembly of Structural Joints Using High Strength Steel Bolts. The material 
a that follows is confined to the practical aspects of of use of ¢ this new. “high-- 
Within : a short time after the Research Council’s specifications’ were first 
: = “ issued in 1951, the American Institute of Steel Construction (AISC) endorsed 3 
3 pi z them. ae ‘This action constitutes full acceptance by the AISC of this method oS 
connecting structural members. Therefore, when the: -AISC “Speci cification 
for the Design, Fabrication, and Erection of Structural Steel for "Buildings” 
; tae eer is | next revised, these provisions controlling the use of high-strength bolts - 
be incorporated into the body of that document. Meanwhile, the two speci- 
fications are referred to jointly in ad specification in which it is intended 


Saat the Research Council’s specifications with only minor editorial changes, al 
permitting the use of bolted connections in railway 


rf, habe. From the practical aewipelad there are six principal features of the Re 


‘fa for Testing Materials | (ASTM) specifications provide criteria. A high- hd 
‘Strength bolt of the same diameter may | be substituted for each rivet of ASTM- ot q 
141 quality‘ in any joint sc designed. 
rs The cut-away view in n Fig. lisa high-strength bolt i ina three-ply rata 4 
connection. The joint is fastened with a bolt, a heavy nut, and two hardened © 4 
washers, ‘assembled into standard clearance holes used for rivets. 


‘There are certain differences in physical appearance that distinguish it from 

“Research on Bolted Conneotions,” by H. Munse, ) ASCE, Vel. ‘121, 1956 


ALS 


for Assembly of Using High Strength Steel wh 
Research Council on Riveted and Bolted Structural Joints, The February, 19 1954. 

Appendix B, approved December, 1955.) Ad 

 #"“Standard for Structural Rivet Steel (A 141.587)," ‘Book of Standards, “ASTM. 


depends on friction between the faying surfaces of the connected members 
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Tabricated tO COnIOrm LO TequIrements Ol applicable existing Codes OF se 
= 


@ sketch of Fig. 1. They are: (1) The use of heavy, hardened washers under : 
both the bolt head and the nut; (2) the use of heavy, semifinished hexagon 
nuts; (3) a distinctive bolt-head marking of three radial lines, as required by 
_ ASTM specification® A 325; and (4) the bolt is ‘black in color: as a result of a 
oe 4 bs A point of interest to engineers is that no special provision for locking the 
nut is required. - When the bolts are properly installed and the nut is s tightened © 


“ the ordinary bolted joint used in structural practice. tt These 2 are indicated i in a the . 


AMERICAN STANDARD HEAVY 
SEMI-FINISHED HEXAGON 
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to induce the high tension specified, both field tests and laboratory tests have | 


of the nut keeps the ‘connection permanently tight. 


The second important. feature of the Research Council’ "specification 
concerns the bolts, nuts, and washers. These are all required to conform to ad 
ASTM specification A 325 and to the dimensions established by the American — - j 
| pRiadaeds Association (ASA).* The bolt is made from a medium carbon steel 


“Tentative ifications for Quenched and Tempered Steel Bolts and Studs with Nuts 
and Plain ee lee Washers (A 325-55T),"" Book of Standards, A.S.T.M., Pt. 1, 1955, p. 7 4 a 
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HIGH-STRENGTH BOLTS 


and tempered, or carburized, andtempered. = 
Fig. 2 illustrates the typical stress-strain curve obtained in tests of A 325 
bolts. The line is straight below the elastic limit, beyond which it | curves 
- gradually without any clearly defined yield point to an ultimate strength that 
is 70% above the recommended preload to which the bolts are tightened. 
= z The strain beyond the yield point is 1.75 times the total elastic strain. — 


a. 
preload = 90% elastic proof load 


by 


7 


ional 


ame 
Fra. 2.—Srress-Strain ASTM-A 325 Botts 


neo! oj ile A Bi ads 
~ mechanical properties required for three commonly used bolt sizes are shown 


“ 4 in Table 1, and the relative position of the elastic proof load, the elastic limit, 
and the ul ultimate tensile strength, in addition to the recommended “minimum 
‘bolt preload, are all indicated in Fig. 7 ‘The tension test, from. zero to. the — 

_ elastic proof load, is determined by axial loading, as indicated in the sketeh gy 

i< of a bolt head labeled “axial loading. ” The ultimate 1 load is determined with 

— - + a 10° wedge under the bolt head, as shown in the second sketch in Fig. 2. re 
bi __-©""Dwo conclusions can be drawn from Fig. 2. First, it is evident that there 


a4 is ‘no nae in in tightening the bolts to tensions considerably: ane the ae 


qa 
is heat-treated, qu 4 
| 
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— 
— || 
vibe: 
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‘required by the Research Council’s specification because 
a a there is a considerable reserve strength i in the bolt beyond those values. — ‘The 
‘ strain in the bolt at its ultimate strength is approximately 3.25 times the strain __ 
at the recommended minimum bolt preload point on the curve. Second, the 
bolt strength, at its proof load and upper limits, is not ‘materially. affected when 
_ the bolt head and nut bear on nonparallel surfaces having slopes as great call to an 
= 1on6, or 10°. enoisooano: Of 918 owt 
The third important provision of the Research Council’s speciGention 
requires that the contact surfaces, including those adjacent to the washers, 
- i descaled or carry the normal tight mill scale, and they must be free 
from m dirt, oil, loose scale, burrs, pits, and other. defects. that would prevent 
TABLE 1. —MEcHanicaL PRopeERTiEs, Bours, ASTM- 
i i h | Elasti 
; 241 to 321 
241 to 321 


solid seating of the parts. ey then sets forth two requirements 


“Contact surfaces of joints where ints is le 


where stress redistribution due to would be 
Most bridge specifications and the fication ordinarily permit 
shop paint in the connections. when high-strength bolts are to. 
- ; be used, the engineer must give consideration to the requirements of the 
various joints in a specific job before arriving at a decision as to which of the 7 
trom provisions is applicable. Since this paper first appeared in Proceedings 
of ASCE, the Research Council has issued Appendix B to the specification? _ 
. to give'authoritative guidance on the application of these and other provisions. _ 
" aking into consideration | the strength of a connection : subject to static or 
. pulsating loads, the Research Council has made shear tests of joints in which - - 
ey the bolts have slipped into bearing and found the shearing strength of ae 
‘ joints considerably greater than that of riveted joints. - The omission of paint, — 
r including the additional work of indicating unpainted areas in the peel 
= room and masking or marking them in the shop before painting, is an ~ 
pensive operation reflected i in bid prices. pisibitos qile 
From the standpoint of accepting some which could probably 


- consider (1) the direction in which the slip can occur and the ‘consequence 7 
4 ‘maximum slip and (2) the rate of ‘slip under service conditions. The labora- a 
tory investigations that have been performed thus far on painted surfaces 


have — slip, if the joint is to its: full capacity 
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 - which : are apt to be less than x maximum, ‘it may require hours or days before 


ale 


the bolts slip into bearing. For the usual condition a joint load is composed 
a of a combination of of dead load and live load, and when there are live loads of a 
- 4 transient nature, , such as wind loads and certain classes of dynamic loads, the 
‘joints are stressed to full capacity only for short periodsof time. = 
If these two considerations are applied to the connections « of a tier building, 
for example, one can reason as follows: The milled column splices cannot slip 
as they are in web or seat connections could 


3.—Use or Beveteo WasHErs 


connections are subject to ‘fluctuating short-term loads which mally 
; would not cause slip. It is doubtful whether painted joints would experience 
any greater slip under such conditions than that Lac occurred in riveted ry 
The fourth important feature of ‘the "Research Council’s specification 
7 - provides that flat washers may b be used if the abutment surfaces adjacent to 
the bolt head and nut do not have a slope of more than 1 on 20 with respect to 
~ _ @ plane normal to the bolt axis, and provided that the nut is tightened against — 
surface. There are two slopes on structural shapes” rolled in 
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HIGH-STRENGTH ‘BOLTS: 


the United States. ‘These are given in in the AISC manual of steel constructi n,’ 


can be summarized as follows: ows: 


af 


American Standard beams and channels..... l1on6 16.67 9° 28’ 


This clause of the cpettiuaslan thus permits s the use of flat washers under i 
‘bolt heads when bolts pass through the flanges of W shapes but requires the e 
use | of beveled washers for flange | connections for American Standard beams — 


‘Fig. 3 shows a part of th the connection of a 36-in. W floor beam to a plate : 
irder in a single-track, trough-type railway bridge. The ‘lateral bracing 
usset plate at the bottom of this floor beam, one with a 5% flange slope, is 
olted with square beveled washers under the nuts as required by the 1954 re 

specification. Fig. pictures the connection of a crane runway girder to a 
~ column and shows a splice in the girder to the right. Flat circular washers — 
used in the angle-to-web, nee-brace connections, in the girder web ‘splice, 
. and on the outside face of the girder flange splice. The square beveled washers 
seen on the inside face of the girder’s upper flange splice were installed = 


“Steel Construction,” A.I.8.C., 5th Ed., 
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4 HIGH-STRENGTH BOLTS 
2.— —Requirep Minimum TENSION 


tension for . - torque for required 
wrenches minimum bolt tension 


+. 


baw 


| (50,800 


Approximately 15% in excess of the required equired minimumjbolt tension. * Equal to 90% of the mini- 
um proof load of the bolt (ASTM-A 325). There is no recommended maximum bolt tension. *Equal _ 
to 0: 0167 lb-ft perin. of bolt diameter per Ib tension for nonlubricated bolts and nuts. Values listed are 
perimental pepceinatione. - If torque rather than tension is to be measured, the ratio of torque to 
shall be determined by the actual conditions of the application. 


= to at least 90% « of the proof load bat 
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= 
— 
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— 

— earlier 1951 specification. In both cases, the bev 
the earlier 1951 spe he bolts been reversed. | 
— he 1954 specifications had the bolt | 
— 


It should be noted that the tension values shown total 
: tension : per bolt, and not pounds p per square inch. The second column of — 

Table 2 gives a recommended bolt tension for calibrating wrenches. This is 
‘not a requirement but is recommended as a “‘target”’ value that will i insure” y 
that all bolts will be tightened to the required minimum tensions shown in. 

' a the third column. If wrenches are calibrated to produce a particular average ae 
a tension, the actual tensions in a group of bolts making up 4 connection | will 
vary from that average by perhaps 5% to 10%. _ For this reason the target, 

BD pacash * set at 15% above the required minimum tension. The fourth column 

| 


Re OF A | Pweomatic ‘Wrencu 


lists the approximate equivalent torques ‘needed to produce specified 
- minimum tensions. These, too, are not a requirement of the specification. 

‘They are experimental ‘approximations obtained from. studies of torque applie 
to. ‘nonlubricated bolts and nuts. Such variables as the amount of lubricant 
on threads and the condition of the thread, nut, and washer surfaces all 
affect these values considerably. — ‘They | are included as a guid which i is useful 

in the first steps of calibration to determine the requirements of 8 particular oA 


, Although manual wrenching of the bolts has been used where } only a few 
“connections ar are required, it is slow, cumbersome, and relativ ly expensive for 


general application. size ‘of weenie required for tightening the on 
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HIGH-STRENGTH BOLTS 

}-in.-diameter bolts can be from Vig: 5(a). The workman is usin 
hand torque wrench. For these particular bolts he must exert po > 
- approximately 100 Ib. As contrasted to this, the use of an electric impact 
: wrench or pneumatic impact ¥ wrench is 3 fast a and requires a minimum of effort 
_. The usual method of assembling joints is to use the pneumatic impact 
_ wrench, Ih addition to having the advantages of speed and ease with which 
high torques can be applied, the pneumatic impact wrench is particularly 


eer 


ad suited to a remarkably dependable y method of reproducing a tension in 

the bolts. Field experience on many different jobs has proved that, by 

“* trolling the air pressure to the : wrenches, they can be calibrated to deliver the 

required tension without any reference totorque. 

i Several different devices have been developed which are used in checking 

- the tension induced in the bolts by impact wrenching. _ By inserting a pressure 

_ regulator in the air supply line leading to each wrench, the wrench can be 

_ calibrated or adjusted to “stall” when the desired tension | is reached. In 


‘ practice, several bolts of the size being used are tested in the device, and ‘the 
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"determined. 

g there is no visible turning of the nut. This point: can be determined by 

watching series of crayon marks on wrench 23° 

mounted on a steel means of a yoke arrangement 
_at the bs base of the puller, the tension induced i in the bolt by the impact wrench _ 
is read directly on the gage / mounted on the jack. In the - photograph, the - 

o bolt being tested i is hidden by the ‘Supporting f frame. The nut bears against 

= the frame and the bolt head bears against the yoke which is in turn, n, connected 

the heavy threaded rod through the jack. 


Meter 


vice in which a pair of hydraulic jocks and | gages are used to 
rea read the induced tension directly i is shown in in Fig. 
All these devices are rugged, simple to operate, ‘and easy to io They — 
can be used to calibrate a wrench i in only a few minutes. . They can also be 
- used to train wrench operators and to recheck wrench adjustments and operator a 
ee devices have been used for. calibration. i One of these consists of _ 


~ 


heavy steel testing yoke made of two plates separated by two spacer bars at 
_ opposite edges. The deflection of these yokes under increments of | load is 2 
a first measured in a hydraulic press, and a calibration table is prepared. When 
a bolt is placed ir in the yoke and { tightened, its: tension can be det determined by 7 
“measuring the yc yoke deflection with micrometer calipers. Another device 


= 
— pressure and annroximate time o eration required to stall the wrench are 
a 
7 
— 
4 
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consists of a steel tube with electrical strain gages and a a meter calibrated to 
read the bolt tension directly i in pounds (Fig. 8). bonimant tob 


ee Another method of reproducing uniform tension in bolts, which is an even Y 


a simpler operation than those previously described, is based on the fact that a 
after the connected plies have become seated there is a definite relationship _ 
between turns of the nut and the tension that is induced in the bolt. The 

a method has been reported by F . P. Drew,* A. M. ASCE. . The Research 


MA 


9.—Borrom LareRat STIFFENING System AppgEp To Gouses Gare ands 

Council has tension ‘control by the in Section 9 of 
Appendix B of its specification? The method is is rapidly | gaining favor in 
United States because of its simplicity. wnt w abem 1 foots 
a o The sixth and last feature of the Research Council’s specification covers — 
ui inspection of the bolting. The specification, when first issued in 1951, re 

- commended that between 5% and 10% of all bolts installed be checked by a 


* “Tightening High-Strength Bolts,” by F. P. — Proceedings Paper 786, ASCE, August, 1066. mom 
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procedure of loosening and suggested that. 
quired to retighten be equal to the approximate equivalent torque previously — ; 
shown in Table 2. This procedure was time-consuming and not a, 
satisfactory because, at best, the torque-tension relationship is apt to be © 
somewhat erratic. The development of the calibrating devices that have been © 


described has made possible automatic accounting for all the variables that 
- affect bolt tightness—wrench capacity, bolt size and length, and lubrication 4 
and condition of the threads. woe dtod-ai Hine Kose hak 
Four years of field experience made it increasingly evident that inspection 
‘ by means of f approval « of the procedures | for calibration of of wrenches pend | in- 
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HIGH-STRENGTH BOLTS 

rvations to assure that the ‘procedures 

_— being followed, insured even closer control of bolt tensions. With the 
issuance of the current 1954 “specification, the Research Council ‘approved — 
this method of inspection and eliminated the requirements that torque be used — 

In practice every wrench is calibrated at least once each day, using the 
same length of hose that will be required on the job between the wrench and the | 
regulating valve. inspectors check closely to make sure that the impact 


“on are Fo canzectty calibrated for use on the bolts that are to be installed. 


— 
—- 


_ 


vw 


a Barwos Ssowme (c) Fioon-Bram Comnecrion 


After the are up, the he bolts are tightened, usually at the 
ge nter and working toward the ends of a connection, as each bolt is tightened. a 


oe Since the first commercial installation of high-strength bolts in 1950, , the 
use of this new connection has increased at a phenomenal rate. It has been 
_ impossible to keep account of all of the structures in which they have been used. of 
Partial lists that were c compiled indicate that they have been used in all types” 
of buildings—hospitals, office buildings, schools, Atomic Energy Commission 
plants, and steel mills—and i in both new construction and maintenance work © r 
on railway bridges and highway bridges. Special applications have also been 


— 


reported, as in radio transmission towers, refinery boiler- 
The new bottom lateral stiffening system on the great Golden Gate Bridge 
in San Francisco, Calif., designed to give the bridge , additional resistance to 
vibrations induced by wind, was installed with high-strength bolts. Fig. 9(a) ie 

_ shows a part of the system as installed between the main stiffening trusses. 
he The 4,700 tons of steel used required 190 tons of high-strength bolts for co con- Bs 


nections. Fig. 9(b) provides a closer view of some of the joints. | Because ot. 


ons. 
fatigue, vibrations. 


There have been many bridges constructed in which all floor- beam, 
_ stringer, and lateral-bracing connections are made with high-strength bolts ‘= eB" 
7 in order to avoid having to move riveting equipment to a job site for a com-— 
‘The details of the floor-beam-to-girder ‘connection of a typical through 
_ Plate-girder railway bridge are shown in Fig. 10. Connection details of the 
-lateral-bracing gusset plate and trough-support beam can be seen. organ He 
Fig. 11(a) illustrates a connection of the same 
_ bridge. The unpainted are areas olted ‘parte of the connection show 
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HIGH-STRENGTH BOLTS 
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- 
‘Fie. 13.—Orrice Denver, 1x Connections Were Bottep 


_ elearly. It is noted that one angle of the connection is shop-riveted to the 
=—_—_ and that the other is bolted. Both are through-bolted to the | 


| 


stringer. Fig. 11(b) shows the opposite end of this stringer, and the end- _ 
‘The framing of an automobile assembly plant in the western United States 


high-strength 


| 
| 
} 


bolts for field connections of all the 2,600. trusses. The a total 
38 bays at 45 fti in its long mr of 1 tte and d 141 bays a at 50 ft andl 


| 
The Center in Colo., has ‘much attention in | 
‘the construction press. The > 23-story framework (Fig. 13), an office building, | 

will be the dominant feature of the Mile-High Center. The - 4, 500-ton frame- 
work was erected i in only 82 days. All column splices, beam-to-column comnec- 
tions, ‘and bracing ; connections were fastened with high- stre ngth bolts. “a Fig. wi 
pictures the bolting of a wind- bracing member in this structare, ~ 


ome of the most, unusual frameworks ever us used i ina tier building (shown in 


| to resist earthquake forces the rigid San Francisco code, has 
tapered exterior columns and spandrel beams i in the lower floors. — Riveting, 
welding, and bolting were all used in this framework. -High-strength bolts 
were used to > splice the ¢ columns and to make all beam-to-column connections — . 

Fig. 16(a)) with the exception of the spandrels- bel ow the 16th floor, which 
are welded. Both shop- “riveting and welding were used in fabricating the 
various members. Fig. 16 (0) i is a view of a splice in one of the exterior or tapered i 
columns, illustrating the combination of shop-welding and riveting with the © 
use of high-strength bolts fi for field connections. LRA 

ince the first commercial installation at Keene, N. et, Fadel 


fi millions of high-strength bolts have been used to erect hundreds of thousands —_ e 
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HIGH-STRENGTH BOLTS 


of tons of structural steel. The Research Council i is continuing its program — 
of research, and it is easily conceivable that the results of these investigations — 
can lead to the development of specification provisions and installation tech- 


niques that will make the use of high-strength bolted connections even more ‘a 


= 


f 


| 
My, 
2 
* 
| 
| — 
Say | 
‘ 
— : 
= 
— 
— 


* A. M. ASCE. —High- steel bolts conforming 
7) the ASTM specification A 325, similar to those described by I Mr. Bell, have 
_ been used i in all the field joints of the Burdekin River Bridge. ‘This = 


consisting of ten 250-ft spans of Pratt trusses, is being | erected by the Co- 
_ Ordinator General’s Department of Queensland, Australia. 
ain. s high-strength bolts are being used in preference to rivets because of 
the lack of trained riveters and the advantages of easier scaffolding. The 
higher initial cost of the bolts has been more > than offset by lower installation | 
costs, particularly in the tropical climate. Ada, 
Because no slip in the joints | can be accepted, all faying surfaces are’ un- 
pint conform to the Research Council’s assembly specification The 


7 spatibeation using 1g pneumatic impact wrenches with the air r supply throttled to ; 
produce stalling of the wrench at the required torque. 
___ Experiments on the bolts used, with threads of a medium fit made” to 
British Standard Specification 84, ames with the torque-tension r relationship 
used in the Research Council’s assembly specification. q 
In addition to checking the calibration of the wrenches at the stalling 
~ point, it has been found necessary to check the torque on the bolts in posi- q 
tion. — About 1% of the bolts used are checked in this manner with a torque > 
wrench. _ The fit of the socket on the nut and the rigidity of the member being © 
bolted have been found to affect c considerably y the tension developed i in the bolt. + ; 
Multiple thickness of plates giving some spring in the joint also produces 
a reduced tension i in the bolt below that obtained on a rigid testing device. : S 
Losses in sockets due to cracking ‘and splitting have been great. The 


ee like to know whether special sockets are in ray in the United 


States and what is the anticipated life of a sock socket, 
Mace H. Bett, A. M. ASCE. —The writer ‘Mr. Hansen for his 
4 “discussion comparing the paper with experiences on the erection of the Burdekin — 


River Bridge in Queensland, Australia. It is interesting to note that the cost 
4 experience in the two countries is similar. - The favorable cost of high-strength 


_ Some erectors in the United States check a small percentage of the bolts 
afte after tightening | by means of fan manual ll torque wrench, even though \ it is is not 
required by the specifications. Where this ‘ “check procedure” is used, the 
“equivalent torque” required | is first determined by calibrating the manual 
torque wrench on the calibrating device. It is the writer ’s understanding 


that where such ‘spot checks” are used , the objective is to insure that con- > 


© Engr. in charge, Burdekin Bridge Erection, Co-Ordinator General’s Dept., Queensland, Australia. : 
“Limits of Screw Thread of Form,” Standards Specification 84, British Standards 


" Chiet of Dist. Engre., A.LS.C., New,York AN. 


—— 

~ 

4 

| 

aig 

a 

— 

— 

+ 

i= 

| 

q 

“ar | 


— 
2 


sistently good workmanship is being obtained from the bolting | crews. In 


addition, such a “double check” serves to insure accuracy of the impact- 

x 


Since the paper was written, the Research Council has issued an Appendix 
whieh contains answers and authoritative to certain questions 


Structural Joints Using High Strength Steel Bolts. 
. _ InSection 9 of this Appendix, the Research Council has. approved a so-called 7 
method” as a satisfactory means of insuring sufficient 
pretension in the bolts. This method, mentioned briefly in the writer’s 8 paper, 
= gaining in favor in the United States because of its simplicity. bcs. "eieewe 
_ The writer agrees with Mr. Hansen that connections made up of multiple — 
2 plies must be drawn tightly together during erection to insure that the specified © 
a m= tensions are obtained when all bolts in the “connection are tightened. bs os 
4 The current practice in the United States is to install and tighten enough ~ 
_ bolts during erection to insure a tight “drawdown’ ’ of the assembled parts. 
‘The remainder of the bolts a are then installed and | properly tensioned. On 
completion of this step, those bolts used during fitting-up and erection are 
-_retightened, or if the erector has elected to use special erection bolts during _ 
_ the fitting-up stage these are removed and new bolts are installed and tightened. on 1 
a No complaints concerning cracking or splitting of the wrench sockets have © 


come to the writer’s attention. There is no doubt that the chance of wear in a 4 


the: ‘socket and | the chance of possible f failure of the socket are increased i if ‘i 
% there is a loose fit between the socket and the nut. _ Erectors in the United a 
‘States report that a loose fit of the socket on the nut or on the wrench drive _ 
4 ont results i in loss of power : and requires increased air pressure ‘in the wrench. : i ; 
It may be that the sockets referred to by Mr. Hansen were not property 
a heat treated. There is also the possibility that the sockets used were originally | 
for use with ‘manual wrenches. 
_ The anticipated socket life is undoubtedly subject to many variations. | 
rc. One large fabricating firm reports that the sockets they use, purchased as a 
_ standard accessory from one of the leading impact-wrench manufacturers, — 


: tighten 40,000 high-strength bolts before showing undue signs of wear. asad 


“Specifications for Assembly of Structural Joints Using High Strength Steel 
, B,” Research Council on Riveted and Bolted Structural Joints, A.I.S8.C., December 15, : 
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‘TRANSACTIONS 


one 


Discussion By Messrs. ZussE LEvINTON, anv Davp A. Horxins 
This paper deals with the design of 7] piers, jetties, and dolphins with 

‘ticular reference to the lateral loads: from which these structures 


_ Tron Mines) and (b) Hoboken "Pier “C”, Hoboken, N. J. (built for the Port of 
The e paper shows how the impact energy of a , berthing ship m: may be absorbed — 7 
ty by the elastic deformation of the structure, without the need for any special 


« design of piers other m: maritime me structures for lateral loads is a 


a ject that is dealt with in many textbooks. Port and harbor engineers, held be 


continue to hold widely divergent opinions on the provisions that should be 
3 made for lateral loading, and this ; paper is s presented with the object of examin- 
_ ing some of the basic assumptions that are made in the ames design of port — 
; 4 Lateral loads due to sea action, wind, or henests een ships must all be i 
considered, but the heaviest load i is usually the last of these three—the impact ¥ 


To illustrate contrasting of marine structures and the trend of 


“modern: pier construction, Figs. 1 and 2 show sections of an old-fashioned 


-conerete jetty and a representative New “York timber pier—designs 

A Nore. —Published, ‘easentially as p » printed here, in June, 1955, as Proceedings-Separate No. 727. Posi- ‘As 4 

‘the or discussion was for publication in 
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fe STRUCTURES 


sent the rigid mass-concrete jetty which i is ‘not 
to damage but may cause e damage to ships os and the flexible timber pier which ie 
minimizes impact forces by its deflection under load 
‘Figs. 3 and 4 show sections of H- piled piers that are described i in this paper. 


is found that these structures p possess some of the 


‘The Estimation of Lateral I mpact Loads.—The critical factor i in ‘estimating 5 
berthing impact loads is the assumed speed of a approach of the the ships. The 


is 


‘Fie. 1 AND BREAKWATER AT Sprain 


88 ft - 


poe of what speed of approach a designer should ass assume as & worst case in 


. order to compute the lateral force on the pier is inherently unanswerable by 4 


 : reference to statistical evidence or experimental data. Damage to piers and 
fenders is not the kind of on Ww which ‘reliable statistics ‘can be easily 


fenders, it i is unusual to find a competent and impartial observer present on 
Some of the factors that will influence the. probable berthing speeds are: 
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ite a 30 ft center to center of rails 
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— 42.83 ft over contin + 
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Trusses, ft center to center 
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Mees. 
— H piles, 7 ft center to center 


3.—TuE New ¢ Pier ey 
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Prestressed deck jag 
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“The Location: of the Pier or Dolphin. —A ship in a confined waterway, 
~ enclosed harbor, or dock is less likely to be moving fast than when it is in ~~ 


: . open channel. Enclosed harbors also minimize the risk of high winds blowing o! 
- @ vessel against a pier. Conversely, piers or dolphins in open channels _ 
nag exposed situations are more liable to receive impacts at higher speeds of ap- 
Currents.—The presence of river currents 0 or tidal currents will obviously 
_ inerease the risk of serious impact due to an error of judgment on the part of the — 
pilot, whereas a ship coming alongside in still water has a better chance eof 
q makingasmooth approach, | 
Size and Type of Vessel.—As a general rule, the larger the the. greater 
the care with which it is handled and warped alongside. Ships of the e large yf . 
5 " passenger lines, for example, are handled with extreme caution when in port, = 
whereas ferries, tugs, and harbor craft are apt to exhibit much less respect for 
the structures alongside which they are berthing. These smaller harbor craft ee 
: are often built with heavy rubbing strakes and thicker plating, and as the ship a 


_ itself is less liable to sustain damage, even when handled carelessly, it is under- © - 


_ standable that the master or pilot will not exercise the same degree of eaution 


4, The Type of Traffic.—Regular dockings by pilots who are familiar with Rs 
— local conditions are likely to be smoother than those of ships docked by masters Pp. 

_ who are unfamiliar with the port. A further point to be considered, however, is 
_ that if the ship is sailing on a tight time schedule there will be less time avail- __ 


able for cautious berthing. yvaed avad joa ob Jad) 
‘The estimation of approach speeds at berthing i is thus a matter of judgment 7 

for the ‘designing engineer in consultation with ship owners, pilots, and | others BY: 

- with knowledge of local conditions. it should be noted that the ‘ “approach ps 


speed” referred to in this paper is the speed in a direction normal to the face — 


of the pier. Tr. In the case of an oblique approach, , which i is of course the general b* 
rule, the resolved component in a normal direction must be used for design P 7 


= 


is the writer’ 8 experience that ship owners and pilots often underestimate — 

a ae @ maximum probable approach speed and quote low figures. One of the 

= y manuals of the United States Department of the Navy until quite recently 

+ a specified ¢ a design figure e of 1 /6 knot (equal to 0. 3 ft per r sec), which is is certainly 

too low. At the other extreme, some bridge e engineers assume approach speeds — 

3 of 3 ft per sec or 4 ft per sec when designing bridge piers against accidental — 

> lateral al loading—figures { that are too 0 high for for general use use in the nee of oi ; 

3 Tn practice a design speed of 1 ft p per ‘sec is , commonly used for piers in en- ie 

closed harbors but in other cases 3 speeds as low as 0. 5 fi ft per sec or, in exposed 
situations, as high as 1.5 ft) per sec or 2 ft per sec, are sometimes adopted. ‘iw 


Computation of I mpact Forces.—If the assumption is made that 
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equals the weight of the ship; », the speed of approach; P, the maximum force of 
_ the ship on the structure; and 4, the maximum deflection of the structure at the 
"point of of impact. ‘The t two principal assumptions are that (a) the pier structure 
acts as an elastic spring and (b) the 40% of the ship’s energy that is assumed to . 2 
_, be absorbed by the deformation of the structure is the residue after allowing or 
impact and other losses such as the loss d due to the elastic deformation of the 
ship’ hull ‘and to the on angle of approach. The value is 


from which P can be for various of 6 this expression, 


“compared with TASS of the ship: Bia belbaad ste 9 
The effective kinetic ene energy to te ji 4 sidw 


ander 
44 in which » equals : the speed of the ship before » impact; V, the speed of the ship 


and pier structure immediately after impact; m, the weight of the ship; and M - 
the weight of the pier structure. kh edi oder 
‘The foregoing momentum equations are not t required i in the design of piers — Aq 

sor structures that do not have a heavy deck structure. «dif the structure has “a 

nh heavy concrete deck, the use of these equations yields a slightly lower value for 

Working Stresses. — —In considering the a allowable working stress, it t should be 
r borne in mind that the estimated speed of approach that has been discussed is _ 


the assumed maximum probable speed of a ship that is not under proper control. 


This condition is in some respects analogous to designing for earthquake shocks 
4 or hurricanes, in the sense that severe impact loading is a contingency that will 


not be a regular occurrence, and higher working stresses are therefore fs 
7 ber The advantage of adopting a a high working s stress lies in the greatly increased 7 
"energy a absorption which results—the elastic energy of deformation i in bending nt 
being proportional to 0 the square of the working stress. for example, the 
working stress i is doubled, the energy absorption i is multiplied by four. In this 
paper, stresses 507% wrester then normal \verting stresses are used as allowable 


“5 
structures stress at failure may be as high as 6,000 
Ib per sq in. and this is the reason for the well- known reserve of strength 4 
- which timber piers and dolphins show when subjected to impact loads. The _ 
; _ subject of stresses in timber and steel dolphins has been fully discussed in a a 
by D. H. Little to the British Institution of Civil Engineers in 1949.3 % 


Impact of Vessel with Pie Pier,” by H. T. Horsfield, The. Dock cand Has Harbour Authority, London London, 
a June, 1948, p. 45 


#"Bome Dolphin Des Designs,” b by D. H. Tittle, J Journal, Inst. of C.E., London, 1946, 
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: a The adoption of high | working stresses is, of course, , contingent upon 5 the: 
assumption of a maximum probable value for the berthing speed. If the as- 
« sumed berthing speed is a normal speed occurring frequently, then 
of minor importance ; as compared ¥ with the design of the pier structure itself, ‘ 
has lately attracted increasing attention from m engineers. Spring fenders of the - a 
_ coil-spring and rubber-buffer types have been fitted to several piers and jetties — a, 
_ that have been constructed in recent years.‘ The suspended gravity f fender, 
developed during World War II, has also been installed in several ports.§ 3 
_ Fender design will not be examined herein in any detail. The subject has 
been treated comprehensively by D. H. Little in a recent paper* and also by A. A. 
Robertson.’ It should be noted, however, that special attention to 
ing design is essential if the structure itself is rigid. In the past the need has , 2 
Be met with brushwood fenders, camels, or catamarans floating alongside the e- 
- face ¢ of the pier -and absorbing the ¢ energy of impact by crushing the timber. od 
Spring fenders or gravity fenders are refinements of these traditional Sas el i 
and on rigid s structures their value i in minimizing impact loads ¢ on the structure 7 4 
For a structure as flexible as the type of pier ‘illustrated in . Fig. 3,8 rubbing a 
face ‘only i is required, and the fenders are not required to absorb energy. AL 
- though i in practice , the fenders will be crushed to a limited extent, the amount ; fe 
_ of energy absorbed will be small compared with that of the energy absorbed by pt 
the structure itself and may be neglected. 4 
It is to be expected, therefore, that the fenders on this type of pier | will 4 
d subjected to less wear and damage and will have a longer life than others. | 
"general conclusion may be drawn that a flexible structure will demonstrate a a r 
- economy in the cost of fender maintenance in addition . to the economy of low — 
initial construction due to the reduction of the lateral loading. 
‘THE Bay pe. 


‘Design Principles. Bay is the loading | point for «iron ore from the 
7 ore-handling plant of the Bethlehem Chile Iron Mines. The type of pier con- 
struction a adopted—a deck structure supported on two rows of H-piles, without 
_ batter piles or underwater bracing (Fig. 3)—is designed to facilitate easy erec- — 
tion from the land, without the use of f floating equipment. All the trusses are 
_ Prefabricated and are used as templates to guide the piles during driving . On 
_ completion of the s steelwork erection the re reinforced concrete deck slab is is poured, E ; 
forms being supported on the structural steel members. 
— ~ pier « deck is designed to carry H-20 truck loading and also a traveling | 
= loader. lateral impact loads are considered—an important con- 


4"Qil-Loading Docks in Venezuela Built of Welded Steel,"’ by Theodore T. Knappen, Civil Engineering, 
o = _ §“Huge Oil Pier Built in Open Water,” by D. C. Wolfe, Engineering News-Record, May 25, 1950, p. 34, ’ 
oud he Design — by D. H. C. E., ners 
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a “Fendering, Lead-in Jetties and Dolphins,” by A. M. Robertson, The Dock and Harbour Authority, 


for this type of pier which has no batter deck slab 


4 steel trusses are assumed to act as a composite beam, continuous for the 700-ft " 


‘effect, a beam on n elastic sapports, , and the design 
consideration of the relative ¢ deflection of the pier deck and the H-piles, shows — 
os  Berthing In mpact Loads. .— Because of the sheltered situation of the pier, and 
, because berthing is effected by first making fast a line to a mooring buoy and / 
- then n warping t the ship alongside, the assumed approach speed of 1 ft per sec is 
G an — (18.0 tips maximum) 


a ovad ira "a 


Fie. 5.—Laterat-Force anp DEFLECTION For Bowe. 

_— likely to be exceeded. The « effective kinetic | energy of a ship with a -~— 

o4 X 14,000 x 2,240 = 197 ft-kips. 


a an individual pile bent and also for the deck of the pier when lateral loads — 
_ In Appendix I and Table 1 are summarized the results of the design com- 
al - putations for a lateral impact load applied to the pier deck at the center, the | 
cS, 4 _ quarter-points, and the end of the pier. The design criterion for the maximum = 
° C—O lateral load i is that the combined bending and | direct stress in oll 


— 
- 
a 
a 

| 

— 
> 

a 
Institute of Steel Construction. It is found in this case thatthe maximum 
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lateral (allowing. 50%. overstress) produces a deflection of the deck of 5.8 


: In computing the pile diniiee stresses, no attempt has been made to 
evaluate the passive earth on the embedded portion of the pile 


cause the necessary soil date were not A point of virtual fixity has 
been assumed 8 ft below the sea bed and, because the soil was a dense gravel, 


the assumption is is considered to have been conservative, In In any event, a small 
variation in the assumed depth o of the point of ‘ine would not have any 


significant effect on the result. Ne 
wee Guayacan Bay PreR 


_  #In case A, 14 BP 117 H-piles were used, 7 ft center to center throughout. * Case B same as 
an ot except that 14W 158 H-piles were used for the 14 bents in the 100-ft section at each end of the 


_ When the first analysis of deflections prt loads shown in Table 1 ail A) i 
had been completed and the comparative weakness of the ends of the pier wes 
appreciated, it was decided that some stiffening of the ends was necessary. = 
The 14 BP BP 117 iol — Proposed for for the = full length of the pier were 7 
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i. replaced wa 14 W 158 piles in the fourteen bents at each end, , resulting in a “ 
____ inerease in the stiffness of the ends. The revised values of the lateral load, Py 
. a In arriving at a decision as to the necessary stiffening of the ends, ‘idiiiinin 
of the load at the quarter-point was used as the governing factor. The ends of Z 
ee the pier are protected by 40-ft-diameter sheet-pile caisson dolphins, which are 7 
located at each end of the pier so that their fendering is is 3 ft in front of the pier a 
fender line, and impact loads of any magnitude o on the extreme ends of the pier 
therefore highly improbable. 


Pier Energy . Absorption. —In case of an impact load on the center of 
pier, the energy absor tion is 
= 240 ft-kips. 
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Fre. Bar Pren—Kiveric 8, —Guaracan Bar ENERGY 
value provides a reasonable margin over the design of 197 


ture under impact loads lies j in the general picture of its behavior that can a oa 

be presented, rather than i in the attempt to compute design stresses with great 7” 

-aecuracy. In this 8 respect, graphs similar to Figs. 7, 8, and 9 are of great assis- - 

‘Fig. 7 shows the increase in effective with the equare of the 
speed. Large ships moving at any appreciable speed have « enormous 


i “Wg. 8 shows the maximum lateral load on the pier and the NOR, de- 


crease in load that results from providing for adequate deflection, 
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therefore advantageous in absorbing the energy of impact loads, and, con- — 


the ‘lateral truss to ‘the | point of ‘virtual fixity ii in the sea bed. "Although ‘the 
¢ sl allowable load is less for a long pile than for a short one, the energy absorption “2 
is greater because of the increased deflection. . A long unbraced length of pile i is 
versely, 2 any system: of rigid brasing that re reduces s the deflection of the pile 


Design Principles. —The Port of 8 Hoboken Pier C, a 


in inches 


Gam Srressep To 18 Kips per Sq In. + 50%) 


pier to accommodate C.2 class, Liberty class, or Mariner 
class merchant ships. The pier has an over-all length of 700 ft and a width of 
ft and is of prestressed concrete construction supported o: steel ~piles. 
7 va ‘It is not structurally « connected to the shore; there is a 1.5-in. expansion gap at - 
Z the | inshore end. . The gap is provided with key 8, which restrain this end of the 


pier is free to deflect lateral loads. 
‘Fig. 4 shows a typical er cross ‘section, ‘and Fig. 10 shows details of the desk 


The sequence of construction was asfollows: ge. 
Deck Cheapest for Hoboken Pier,” by Theodore O. Blaschke and David 
Hopkins, Civil February, 1954, Pp. 50. rm. 
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PLAN AnD SEcTION, 
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tor use in n post-tensioning cables the length | of each pile cap. 
The precast, prestressed concrete stringers were laid in place, spanning 


2° between the stringers was poured so that the poured concrete was flush with © 
= A, The pile-cap ‘beams were post-tensioned. The purpose of the post- 
= A tensionine is to provide a lateral compression in the pier deck, and thus insure = 
the will be monolithic. The stress induced i in 


ao the risk of shear failure between stringers in a ‘Jengitadinal direction. 4 
.- Without the post-tensioning there would be no positive provision against dis- 
tortion: of the deck and failure in shear | - when subjected to lateral loads from S 
Impact Loads.—The provisions for lateral loading on the pier are 
either the impact energy of a ship of 25, 000-short-tons —— moving at 
ft per sec, or a concentrated load of 1,500 kips. 19) ig wT 


ll the weight of the offshore half of the concrete pier is ‘assumed to be 
30, 000 kips, then, using the momentum and energy equations: 50,000 x 1. 
= (50,000 + 30 000) X V and V = 0.625 ft per sec. ° The eaatoves kinetic © 


for H-Piles. —Because the 14 BP 89 H-piles were _ between 90 


ate was undertaken based on the analyses by A. E. yore ll 


and G. W. Glick in order to determine the permissible loads—both 
bearing and in a lateral direction—which the piles” would carry. results. 


- -= of course dependent on the value assigned to the lateral soil modulus, 


tion or yr standard soils laboratory procedure. There * was was also 8 some 1e doubt as sto 
« the extent to which the theoretical co considerations as forming the basis of the analy- Z 
: ies The safe bearing load would be considered to be 90 tons per pile. _ How- 
oe ever, it was stipulated by the design engineers that this value should be con- 
- firmed by the wreet & loading of a test pile to 150 tons before construction wa was 
6b. When subjected to lateral loads, ' the piles would act as embedded canti- 
a levers, with a length of approximately 60 ft from the lower point of virtual — 
i “fixity i in the silt to the upper point of fixity in the pilecap. = | a 


_ ON *“The Stability of Foundation Piles Against Buckling Under Axial Load,” a A. Cummin, 7 


Proceedings, Highway Research Board, National Research Council, Washington, D Voi. 18, 
ber, 1938, p. 112. 4 dat He ont 


te 
of Soft Ground on the of Long Piles,” by W. Glick, Procedins 2d Tate 
national Conference on Soil Mechanics, Vol. IV, Rotterdam, 1948, p. 84. 
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c. It be rely solely on on the of the H-piles 
to provide the pier’s resistance to lateral loads because of the uncertainties 


involved in the design analyses. Batter piles we were therefore required to provide 


The maximum lateral al deflection of the pier would be governed by the 
deflection of the batter-pile bents, computed to be 0.24 ft. 
_ Other assumptions relating to to the design for lateral loading wel were that: a 


Asa a case” the load would be applied to one of the 
at the offshoreend of the pier. = 
i  f. The deflection of the pier would be a maximum at the offshore end and bia 
at the inshore end, which is laterally restrained. to 

¥- ee g. Only 550 of the bearing piles and 40 of the batter piles, which are located ss : 
n the half of the pier, would be effective in ‘resisting lateral 103 q 


Absorption. —In ‘Appendix II is summarized the computa- 
tions for the absorption of energy resulting from lateral impacts. The total 
—_— absorption, 462 ft-kips is more than double the design requirement « of ; 
im 195 ft-kips. The pier thus possesses a large reserve of resistance to lateral 7 
loads. Furthermore, it may be noted that the fendering, consisting of green- 
_ heart fender piles backed by southern : pine wales, provides an additional reserve — 
- of energy absorption, consideration of which has not been included in this 
- Paper. _ The margin available for collision risks is therefore even greater than 7 
indicated by the foregoing values. This margin is considered a wise form of a 


_ insurance in a structure designed to have a life of one hundred years. ae : 

The values quoted in this paper are not intended as exact loads and deflec- 
tions because the velocity « of a berthing ship can never be estimated with pre- 

cision or certainty. However, the formulation of energy equations will often re 
give the port and harbor engineer a sense of perspective when dealing with with 


It is hoped that th this paper will lead to discussion and the wider application _ 
energy-absorption criteria. Investigation into cases’ of 1 piers damaged by 


| a berthing: ships w would provide guidance for design engineers in the future. 
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As ASSUMPTIONS FOR A BENT (Fie. 5) 


The horizontal is assumed rigid 


Ta. 2. The piles are assumed to have a theoretical point of fixity 8 ft below the 


:. aa ‘The piles are considered a as columns with combined bending and direct 
stresses for which (f./F.) +: (fe/Fs) must not exceed 1 


= 
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The compressive stress Fe, i is taken as an column 


oad + 50% for a 52-ft-high column, equal to 17,600 Ib per sq in. (This short . & ne 1 
column length provides allowance for soil support at the foot of the pile.) 
_ The ‘maximum | load (irect eleniendls on the pile equals 130 + (55/30) 
tad kips. - The maximum bending moment in the pile equals (55/4) P’ +130 
x (6/2). Obtaining corresponding equations for direct and bending stresses ‘7 
and solving graphically the expression, » (fa/Fa) + (fo/Fs) = 1, it is is found that 
Design ASSUMPTIONS FoR THE PiER Deck (Fie. 6) 


a Then resisting force of the pile t bents, P’, varies with the deflections, 5, and 

has a maximum value of 18.0 kips when 6 = 5.8 in 

> a 2. The deflection equation is E J ct = — ky, in which £ is the modulus ai 4 


4 elasticity ; y, the deflection ; q, the distance along th the n member ; and J and k are 


3, The moment of inertia of the deck, J, is eee as that of @ a cracked _ an 


=a section of reinforced concrete beam plus 50% of the longitudinal steel in the a 
The resistance modulus, k, equals 37 Ib per in. of deflection p per in. of length. 


. Values of Pin Table 1 are 


all | computed for = = = 5.8 in, 

Lateral Lo All piles of this pier are 14 BP 89, for which [= 909. 1 in‘ 
The maximum 1 pile loading equals 90 tons | plus 50%, or 135 tons. 7 ‘The: maximum p *% 
length is 1 50 ft. The maximum permissible lateral design load for batter-— wf 
pile bents (2 batter piles i in each. bent) was 55.5 tons. _ The batter-pile loading 

was 8 computed by means of simple statics, and uplift was found to govern in the - *s) 


case of the left-hand batter | pile. lateral load on 20 


center load, Ymaz = 9 k 
all 


Ai 


length, the maximum deflection of the pile bent equals 0.24 ft 
(Fig. Therefore, the energy absorption will be 0.24 x 1, 110 X 2/2 
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Fra. 11.—Cars Warcn Were Post-TENSIONED; Smowma Larera > 


Energy Absorption Piles.—If the maximum permissible lateral 


deflection of the pier equals 0.24 ft and the bearing piles are considered to - 


= as embedded cantilevers 60 ft long, fixed top and bottom, the maximum 
permissible lateral load equals 3 kips per pile. On 550 piles the maximum — 
; permissible lateral load equals 550 X 3 = 1,650 kips. 7 Therefore, the energy 
absorption will be 1,650 X 0.24/2 = 198 ft-kips, 
Total Energy Absorption. total energy absorption for this | pier is 


-_ 
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okt Berd DISCU: us SION 


Levintox,! M. ASCE— —The author is to be congratulated 
having made a simple and concise statement of design methods relating to 
ship impact on piers. The two examples of piers on flexible piling show = 
the impact energy may be absorbed by the deflection of the structure. How-— 
i. 3 ever, it would be erroneous to conclude that, in general, - flexibility of the 
¥ Ss itself is preferable to flexibility provided by resilient fendering. 
High flexibility in the structure is usually accompanied by weakness of the a 
‘structure. This point is illustrated in the author’s statement (under the head- 
ing, Guayacan Bay Pier: H-Piles in Bending”) that when * the 
an comparative weakness of the ends of the pier was appreciated, it was decided Ae 
that s some of the ends was necessary.” In the same example, 
« ends” of the pier are re protected by 40-ft-diameter 
dolphins, which are located at each end of the pier * * *.’ Havingthuspro- __ 
tected the ends by stiff structures, the middle could be pone flexible to allow a P. - 


computed deflection of 5.8 in. which was possibly expedient i in thiscase. 
r 4 In general, it is not desirable to have a pier bounce as much as 6 in. from 


% ship impact, a condition similar to earthquake shock. For such large de- 

- flections, special flexible connections 1 may be required for pipelines and utilities = 
on the pier, and special provisions in the design of superstructures, such as 
“cranes, conveyer towers, or hoppers. These deflections also involve incon- = 


venience and even danger to the personnel, batt bie 


of course, ‘ensue when the face is backed by flexible s ‘springs = 


of piles in each bent. . The computed ‘3 -in, deflection is rather small and 
would be even smaller if the soil were stiffer and the point of virtual fixity of 
the piles much higher. ‘Under such éonditions the structure would require 


In the writer’s “practice, there were numerous cases in which fewer and 


» heavier piles were preferred to larger numbers of lighter piles. This preference 
resulted in stronger and stiffer structures where the ‘necessary flexibility was 
provided by spring fendering. The saving in the cost of the structure more © D 

: Qa Higher velocities of approach and larger ships require greater deflections © v > 2 
a for absorption of the energy. Deflections of from 12 in. to 18 in. are quite 2 
easily obtainable by means of various types of steel springs. 4 

such flexibility in the structure itself is impracticable. 

Davin A. Hopkins,” A.M. ASCE.—Mr. Levinton’ s discussion of the 
"general considerations which affect spring fender design indicates an intelligent 
< Pe of fundamental principles and raises a number of controversial | 


e 


a Project Engr., Tippette- Abbett-McCarthy-Stratton, 
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It was never intended that the paper should disparage 
_ use of spring fenders. On rigid structures their value in minimizing impact 
a loads on the structure or damage to the ship’s hull is indisputable. A study 


of fender design cannot properly be included in this closure. For further study ‘ 


"HOPKINS oN MARITIME STRUCTURES 


— 


- ‘the reader is referred to the footnote references listed in the original paper 


The following points, however, a are selected for further comment: Ay 


i 1. The strength and flexibility of any particular structure are separate — 
rg characteristics, n not interrelated in any way. Considering the analogy of an 
elastic spring—a spring may be designed for light or heavy loads and also 
for small or large deflections. — In the same way the rigidity or flexibility of a 


lateral impact loads commonly deflect from 2 in. to 6 
a sig A sentence from the paper tuader the heading, “The | Guayacan Bay 
‘Pier: H-Piles in Bending”’) stated that “when * * * the comparative weak- 
> 2 ness of the ends of the pier was appreciated, it was decided that some stiffening . 

_ of the ends was necessary.” The use of the word “stiffening” in this case 7 
was possibly misleading because it was used in the sense of spring stiffness _ 
and not structure stiffness. “The stiffening referred to involved the substitution d 

of heavier section H-piles at the ends of the pier as finally designed. The 7, 
7 a lateral load-carrying capacity of the ends of the pier was thus increased with-— 
. = The problem of protecting the end of a pier is, of course, common to. both » 
flexible and rigid structures because in practice the ends of piers are usually = 
Deflections of pier structures as great as6in.arecommon for piersunder 
5 lateral impact loads. In the case of the Guayacan Bay pier, no difficulty was a 
a8 _ experienced i in providing for 6 in. of movement when designing pipe work and 5 


- mechanical equipment because the movement is gradual and the curvature 
‘ As of the structure extremely small. Modern design techniques require a more a 
ae careful evaluation of the effects of deflection than was customary in the past. _ ‘a 


7 in In conclusion, the necessity for the absorption of lateral impact energy— 


Ly either by deflection of the structure or by spring fenders, or by a combination 
The ‘examples described in the paper illustrate how structural deflection | 

can be utilized advantageously to absorb this impact energy. _ The relative | 
economy, however, of utilizing structural deflection as with 


fenders for the absorption of energy can only be evaluated by a study of 

particular cases. — The two methods are available to design engineers, and no — 

@ design study would be complete without an evaluation of the extent to which — _ 


either method is likely to be of value. 
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SOCIETY 


BRUNO A. _BOLEY* AND CHANG CHAO? 


Seed “uc don» vod gol SYNopsIs baw To 
wh A method is presented for the e analysis « of pin-jointed trusses subjected to ; 
t impact. Expressions are derived describing the behavior of the various types 


of joints which may exist; with the aid of these, a numerical computation pro- 


cedure is developed. This procedure makes ‘use of “distribution — factors,” 
dependent only on the joint geometry, to describe the relationship between the 
arising in the bars meeting at an unloaded joint. The analogous rela- 
tionships at a loaded joint are determined with the aid of a finite-differences _ : 


"technique. — The method suggested can be used whether impact is caused bya 
known pressure pulse or by collision with | a solid object. The criterion for 
es extablishing the time at which impact ends is cited in detail for the latter ‘e 

these cases. _ An illustrative example is presented for which stresses, deflections, 

and reactions are computed. The basic equations governing the behavior of 
the various joints are derived for three-dimensional trusses as well as plane . 

trusses ; the proposed method of analysis is equally applicable to both. __ 

iio The letter avubele 7 for use in this p paper are defined where they first ae 

_ appear and are arranged alphabetically, , for convenience of reference, in the ee 


Appendix. oda do moti odd ob cad tad 


clastic waves set up in the 1 various of the truss. an is nec- 

5 > essary if the loads are rapidly | applied, either by a sudden pressure wave or 
7: through collision with a fast-moving solid object. Of course, if the loads are 
i gradually applied, the customary static analysis (or an analysis taking into 


7 —_ Nors. —Published, essentially as printed here, in January, 1955, as Proceedings-Separate No. 005. 
" Pesitions and titles given are those in effect when paper was approved for publication in Transactions. 


iat Associate Prof. of Civ. Eng., Inst. of wt Structures, Columbia Univ., New waa: 
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Sud. 26. i502. 

the of the frst of vibration) be ade 
quate. types of loadings cited, however, are becoming increasingly im- 
= portant ina number of engineering applications and therefore make mest 
Gr a more accurate method of computation. The purpose | of this inv vestigation aa 
iq therefore, the development of a procedure suitable for practical use which is 7 


The method of solution presented herein consists essentially of a procedure — 

2 for following the waves that arise in the various bars of the truss and of deter- 
> _ ‘mining how these waves are distributed among the bars meeting at any ome 
e joint. For a truss with arbitrary configuration or with a large number a 


ic] 


joints po bars, this procedure can become cumbersome unless it is performed 
a in a systematic manner. It is therefore desirable to consider separately the 
% various sources of difficulties and to determine how each may best be treated. E | 
The first requirement of the computation procedure is that it account for 
all the waves at any one time at whatever joint is considered. This is best ac- — f 
be complished by first solving for all the waves affecting the loaded joint and ub 
a sequently extending the solution to the other parts of the truss. The computa- 
tion of the waves at the loaded joint is, in turn, n, divided into the consideration ; 
of the following three distinct items: (a) The condition in which only waves © 
emanating from the loaded joint are present and the waves have not yet 1 reached — 
the neighboring joints, s, (b) the distribution of these waves among the bars at -¥ 
neighboring joints, and (c) the arrival and distribution of these new waves at : 


i 


re Iti is now necessary to determine how the waves are es are distributed at any one 


joint. 4 The distribution process obeys t tworules: 
Y ae The vector sum of the bar forces must vanish (for an unloaded joint) 

or balance the inertia force of the striking mass (ata loaded joint), 
= The velocity of each bar must be compatible with the sonition that all 


fied if a . simple ‘relationship ‘existed between the stress and the vasa of any 
_ one bar. In the foregoing item a the stress and velocity of the end points of | “ 
each bar are found to be proportional whereas i in items b and c this is true — ; 
? ~ only for a part of the distributed waves; the remaining part i is , proportional tothe — oe 
wave and is therefore Subsequently, these statements are 


* 


expressed mathematically in Eq. .4 for item a, in | Eqs. 1 lla and 116 for item — 
4b, and in Eqs. 12a and 12b for item c. hae | 
It is also shown herein that the dietzibaition of waves at an unloaded joint 
. (item b) i is | readily performed by means of Eq. 13 whereas that at a loaded joint 
j (item c) ‘requires the use of a finite-differences technique. — . For this reason these 
items are kept separate in the final procedure. 


~ _ The general ideas indicated in the foregoing f form the basis of the proposed © 
solution | which the writers will present in mae. - a Particular reference will be | 
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pea to the seni of Fig. * but it should be clear that this i in = way restricts the 
generality of the method because it is, in fact, .valiq for either t i al 

orthree-dimensional trusses, 

_* It is convenient in the following development to consider separately the be- 


havior of the various of joints may be encountered in a truss of 


‘Dive c—A joint, after the of Wave in one theba 
Type d—A joint with roller support; and Men 
ls Type e—A joint with a fixed hinge support. ws 


“24 


bam, in “Pra, ron EXAMPLE 
os If the truss in Fig. 1 is s struck at joint B B by a mass, M, with a velocity, YV, in 
¢ the direction shown, w waves immediately arise in all the bars n “meeting at that 
joint; the axial displacement, ux, in the ith bar satisfies the wave 


(Aten: algun a 


in is time, a denotes the speed of wave propagation, and 


the axial along bar ‘positive ‘when measured from the joint in — 

question . Bending deflections are neglected herein as this type of deflection a : 
is probably of little importance in most applications. — It would, of course, be- 
eome significant if the applied loads were such as to excite the lower normal 


a Mg be Mathematical Theory of Elasticity,” by A. E. H. Love, Dover Publications, New York, N. Y., 


x — 
— 
‘Type b—An interior unloaded joint, after the arrival of a wave in one of 
| — 
f 
i 
: 


traveling away from the joint are present; hence, 


for any bar, in which f; is an arbitrary function. The > stress, 
~ 


eB) 


in which primes indicate respect to the ar of 
funetion, 


‘The mane, M, is acted upon by the stress Eq. 3 and behaves in accordance 


_ with Newton’s an of motion which, written in the direction of ook of the we 


in n which n is the ote of bars aaa at the joint; A; denetes the area of bar, 
~ a 6;; represents the angle between bars t vs and dj positive when counterclockwise ; 
and all quantities are evaluated at z= =0. _ A joint of the : truss which obeys 4 
Eqs. 2 and 5 is a loaded joint with all waves traveling ¢ away from it and is 
_§ termed “type a.” With the subsequent arrival of reflected | waves re no 
longer be true, and | the joint will then be be one of “type c. pen ati he ay 
Y In Eq. 5 it is assumed that the mass and the struck tik remain in contact; 


if contact were to cease, this equation would reduce to 


33 


Li/ a (in which | _ the length of bar ze 
that i is, ohn the 1 wave re has adie the far end of the bar in question. For 
example, the wave in bar 2 in the truss of Fig. 1 will first affect joint C at t 


‘L/a by striking it with wave f. of Eq. 2. If the origin is now shifted" to. an 


in which pe In the st subscript, p, will denote the bar along w which a 


4a 
uch involve considerable transverse deflections; in such __ 
— 
— 

— 

4 

— 
— | 


joint and traveling a away from it b); they all: Eq. 2. 2. ‘The 
- 3 governing equations for this joint are obviously Eqs. 6. Therefore, this — 
is of type b, and these new waves can be determined ise those equations. a 
a the new wave in bar 4 is — ai fea (or, in general, the wave in bar ¢ by Sah 


then 


— in which f,;(0) = 0. The corresponding equation for bar p must, in addition, 


take into account the incoming wave of Eq. 7 and is tor 


4 aQ “7 Yes, (at Sov (at- —L, Zp). 
It follows from the foregoing that, at 0, wal miosup) 


q 


P = 


s for all bars, in which Dy; is a “distribution factor” on e 
ne try | of the joint in question a nd its bars. E In aac the relationship, _ 


Dip 
holds; Dy i is, in general, different when computed at different ends of a came 
bar. Thus, for example, in Fig. 1, Dusc does not equal Dap. 
Of the new waves just started at joint C, for will reach joint B att = =2 L:/a@; 7 
will reach joint D att = (Lz + Ls)/a, and so forth. The wave, fa, will dis- 
tribute at joint D (which is of type b) according to the distribution — 
"appropriate to that joint; it will thus give rise to the following new waves — 


Mig 
coity (a = = (a — Ls 


en” = 


= 2 
— 
= 
It should be noticed that in all but th ir p, O 
1, 
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5 IMPACT ON | TRUSSES 


ur (@t — 21) = Du Dar f's (@t — Lz — Ly — 22)........ 


in which 2, 2, and 2; are measured from joint D. Thus, when view won uly 


8). at = (a4) Ls + La) 


Tt Wave faa will, of course, reach joint B at the same time as fas (note fon 
fuss), but before that happens it has been seen that fr, i in addition to fir and f 
A fss, has already arrived there. With the exception of tu, all these waves en- | 


7 counter only joints of type b and therefore behave as described paoreeest 


For type dj oints the distribution factors are found We 


ints the distribution factors arefound to be 


One: must also c, the ior of t the loaded joint (B 
_ thie case) after the arrival of waves along its component bars (type c). This 
fy joint is a combination of of types a aand bi in that it follows Eqs. 5, 9, 10, 11, and 12. ¥ 
a The solution of these equations cannot be pt put j in terms of distribution factors — 
similar to those introduced previously ; the governing relationships are derived © 
subsequently by use of a finite-differences technique. 


= 


| 

ae _ ig termed type e and can be treated in a manner analogous to that of type a | 

The distribution factors for joints of ty pe b are found in the next section t 

a 

> 
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4 IMPACT ON TRUSSES 


Equations FOR Various Types oF OF 


4 Type a.—Type a joints have two degrees of freedom; hence, there can be 

only two independent equations in Eq. 5. For ecentniple, if the ith and cs 
equations (i ~ j) are taken to be the independer nt ones, any other (say, the kth) _ 
may be obtained from them by multiplying the ith equation by sin 6;,/sin i 
and the jth equation by sin 6;;/sin 0;;, adding the results, and simplifying the _ 
expression thus. obtained with the of the 


+ Din = 


3 


Fi. oF a Joint A Taves 
and the compatibility relationships, ona pis la 
sin + sin O45 + sin = 0, 
ms two minenie cases (k = tand k = j) Eq. 20is trivial ; in the remaining @- 2). 


= it may be derived by ewe the ere two expressions | for the 


a 
— 
3 
— 


ON TRUSSES 


Ea. 20 holds aleo if is replaced Ou; then | use of 4 shows ws that 


equations of of Eq. 5. Taking the and jth as. 


the independent ones, one ne obtains 


23a gives 


n 


‘a 5 
«gin? 


- ~The in ini ial conditions for Eq. 26 are provided by the knc known initial velocity ot. 4 


displacement of the j oint; 


(0) cos Ov. 


— 
— 
| 
if 230) 
and p is the mass di 
Substitution into Eq. 23b yields, after some algebraic manipulation and with the 
| pendent of the choice of reference bars, 
> 


which C, and C; are to be 


ype b.—For bars other than the p pth one, 10, 4, 12 that 


- the compatibility condition (Eq. 20) may be simplified as in Eq. 22; that i is, .- 
7 


sin + sin in Ori sin = 0, i, ik k (80a)_ J 


+f, Oty + Sin = 0 

B 


y use of 30 12, Eq. 6 can reduced 


mI, sindy — Ly m, Ly 
with i i,j Dp. For: the case in which = the quantity f’ ; appearing in Eqs. 
must, of course, be replaced by — = The relationship between 
and f’, is the desired distribution factor: ibe can be obtained by algebraic solution — 
of Eqs. 3laand 3lbandisgivenasEqs.17, 
 -‘Type c.—The basic equations for for joints of type ¢ are e Eqs. 5, in which 
the velocities ‘and stresses are given by Eqs. 11 and 12, respectively. “The | 
solution could be obtained by a treatment similar to that for joints of types a and g 
‘Db; such an analytical s solution, however, would become complicated except in Pe 
the simplest examples, ‘and it was therefore considered more practical in the — z 7 
: work which follows to use a finite-difference technique for this type of joint. — 
analytical solution gives, similarly to Eq. 26, 


L cos Bip + L 
ae to is the time at which the i “Tins Bo wave arrives at this joint, the solution » 
of Eq. 32 satisfying the the of f the mass is 
att = = to, is 


wale 
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basic equi equations for the finite-difference (Eqs. 23 ‘and 31b) ‘are 


developing a similar expression for and using the average values of the func- 
tions, and f’ »;, ,, within each interval, Ar, one obtains the final 


¥ 
[2 4 


ik (r )+ Pi ki ki 7 


‘sin cos 5 Ox: 


a 
sin Ox: COS Ox: cos Oe: ar (r+ + (r) vi 


ul 


> sin cos 6; cond ik 
Mm, Ar sin 2 sin 0;; om, Ty 


must be replaced by vp when ‘From thi this point, the solution is 
ee Type d. —A joint on a roller support has only one degree of ianihein this 


7 type of constraint i is obtained by letting the direction, k, in Eq. 20 be that of the 7 


tre 
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woe? 


Selecting again two yo independent equations governing ‘ 


_ one may solve for the unknown reaction, R, and the stress in the independent bar | 


(sin? @e) A lw Al 
4 ‘The the ith bar and the reaction is denoted by 
‘Type e.—Type e joints do not displace; therefore, all values of u Us and % 
vanish with the exception of p Which ¢ can n be obtained from 11 as 
The distribution factors for joints of type e are e Dy = = 0 fori # p and Dyp = al 
4 The reaction is equal and opposite to a, A». 


CRITERION FoR THE Enp or Impact 


“e. a ‘rigid mass, M, moves in space with a certain velocity and its uniform 
motion is then disturbed by a cc collision with an elastic object—in this « case, the = 
- joint of a truss—its velocity will change both i in magnitude and direction and 7 
_ will be, in fact, identical dl with that of the he joint. _ Eventually, however, the mass — 
will leave the joint ; either by rebounding or by slipping « off. The time at which © 
happensisthe time ofendofimpact. 
Immediately : after the start of impact, the mass and joint move together in ~ 
some curvilinear path—that i is, at any one time the mass is restrained from 
- escaping along the tangent to that path with its instantaneous velocity (as it - 
q tends to do because of its inertia) by the interference provided b by the truss. 4 


~ Should that interference suddenly end, , the mass will of course leave and impact ; aa 
_ will cease. The meaning of the term “interference,” as used herein, must now 


i ae - The striking mass is assumed to hit the loaded joint, which is either of type ‘ = 

a a or of type c, within the angle defined by the ith and the (¢+ 1)th bars,so 

that O< Biv < The velocity with which the joint and the mass are 
is moving at a certain instant oe - ty may be denoted by V; the subsequent motion _ 
F of the joint and of the mass ‘must now be investigated on the hypothesis that 


impact ends at that instant. — The mass will then travel in a straight linea 


distance (V dt) during a , short interval dt. The joint will be o one of type b 


q — 

4 
| 
— 
: 
| 
— 
| 


| 
IMPACT ON 1 ON TRUSSES 


32 


| 
| 
3 
— = 
‘ 
= 


IMPACT ON TRUSSES 

during | that interval and will therefore travel along a cuve in 

- the final positions of joint and mass will not coincide. The positions of bars ‘a 
ie and (i + 1) will have changed slightly cd the interval dé; in certain cases _ 
_ the mass will be found to be (after the > foregoing straight-line displacement) out- 

side the angle defined by these bars. — As the mass was originally taken to be 
_ within this angle, the situation just described is physically impossible and it may 
be concluded that interference exists. In such a case, therefore, impact will 3 
continue. — On the other hand, should n no interference arise between the position a 

4 of the mass and that of the truss, the calculations mentioned | previously would = 
yield the actual motion of the system, and impact would have ended. | 

conditions are illustrated in F Figs. 3 ar and 4 for the example ¢ of the truss of ‘Fig. 1. 

a The following criterion for the time of end of impact n may now be written; 7 7 
a onniiiiine and sufficient condition for impact to continue is the persistence of —=—™ 
interference as 2 as prev iously defined or, in | other words, impact will end the first time ne . 
4 that interference i is ; not present. ie. Practical use use of this criterion may be qu quite ie 
-_Iaborious fo for some e cases. The computations may be shortened by observing» 


has the same sense as V, namely, when 


in which the indicates the scalar product. It is thus sufficient restrict 
_ the investigation of interference to the times at which Eq. rs fails—that i od a 


only the limiting case 


a need be considered. oo is of interest to note some special problems i in which the _ 
limiting case of Eq. . 43b holds. _ The most important of these is the example of 
longitudinal impact on the free end of a single bar. In this case F-V < 0 until © 
the time of maximum deflection, when V = 0 and therefore F-V = 0. _How- © 
ever, inspection shows that. interference is always | present and hence impact 
persists. As the mass rebounds, Eq. 43a holds until F = 0; at this time again _ 
‘F-. V = 0, and impact will end. A similar situation will arise in all cases in 


which the direction of the mass s velocity (and force) is unchanged during 


its of symmetry. beol oid am | i boew od 
‘The truss of Fig. 1 which is used ir in this example allows no simplifications 
such as might be caused by conditions of ‘symmetry or by a epipecidl 
~ number of bars and of joints. F urthermore, it contains joints of all five types. 
~The loading i is applied by collision with a solid object; a solution correspond- 
‘ing to a prescribed force would be and is cited 


e as 


if 
— 
| — 
a 
— 
on 
» 
> (43a) 
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an 
y — 
4 
4 
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me = = 


‘TABLE 1.—Drsrersurion Factors Dy; For - 


Yee 
0. 71783 oss. | 
—0.69579 
0.75850 
-0. 
0. 0.36368 


0.17703 


. The distribution factors Di, are listed for all bars at all joints, as in Table 
‘ a a tis distribution factors listed in Table 1 for joint B (loaded joint) will be 
needed for the computation of the time of end of impact and if the calculations — 
are to be continued beyond that time. aboue let and 
3. A total of 2 n tables are prepared, in which n is the number of bars meet-— 
ing at the struck joint; in this case, n = 3. Of these tables one-half will be | 
used for incoming (traveling toward the loaded joint) waves and the other half 


be e used for outgoing (traveling away from the loaded The 
2 and 3 


umn of sesh part of Tables 2 and 3 gives ves the time, ve in nondimensional form — 
-at/L). The characteristic length, L, was chosen in this case as the 


shi =l,= = 1. = It is convenient t to list the 
- quantity, 7, r, in equal intervals of magnitude, Ar, chosen in such a way y that the ie 


quantity, is, for all bars, an integral multiple of Ar. the: “Present 


de of the truss in que lution are listed. 
is ma that are rea uired in the so 
8 
wt 
— 
a 
— 
4 
— 
— 28 the functions f’ 


| 


hes 


@ 
= 
ea 


0 
0 


ik 


00023 
00015 
00012 


-0 
-0 


— 
oo 
oo 
Ld 


$210 
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(a) Bar 


| 
t 
‘ 
| 
| 
| s| ot Haband 


Feel: TABLE 3.—Ovraorna 


0.72166 
0.65213 
0.58967 


0.53350 


0.48291 
= 0.43733 


0.45846 
0.41869 
0.38219 
0.34873 


O00 


0.21952 
0.21952 
0.19998 
0.18213 


0.16585 
0.15101 
0.13747 
0.12514 


0.12514 | —0.06690 
0.11390 | —0.07703 
0.10366 | —0.08591 
0.09433 | —0.09063 


—0.10074 
—0.10074 
—0.11284 
—0.12471 
—0.12471 
—0. 13498 


gocecece | 


—0.01190 
—0.01424 
—0.01424 
—0.01636 


—0.01819 
48 31338 | —0.5: —0.02106 | 0. 
5.0 06334 | 0.21619 | —0.57067 | —0.02196 | 0. 0.27995 
= 


| “a 


aan joint are e determined the values of f’, for the kth bar 2 are then computed 7 
from Eq. . The final numerical results are 


+t +i 


1 (7) = 0.04856 + 0.67810"... 
ball 


A 


xis 


| 


i 


a 


=- 0. 47499. The values of these 


a J loaded joint until the first reflected wave arrives. The stresses o; and velocities 
_ @u,/8t during this period can then be easily found from Eqs. 3 and 4. Mowkd an 
“_ Item bis next considered. Tables 2 (a), 2(b), and 2(c) are filled in accord- 

ing to Eqs. 13 and 15 for all times, t, for which this can be done without con-— 


sideration of joints of type For wave 2 in Table 2(b) arrives 


— 
‘= — 
— 
0.65213 | — .22503 | 1 0.313388 — —0.031 0487 
| 0.24306 0.58967 | —0 799 | 0.04369 | 0.1 77 
— 28 {0.1 0.43733 | —0.38861 —0.00407 0.00883 | — 
0.13620 | 0.35 8 | —0. | 0.01917 | —0. 790 0.06 
0.11948 | 0.20687 0.42900 0.03093 | 0.3 | 0.08584 
4.0+ 0.09282 | 0.7 ‘07106 0.08040 —0 
a 
a 
— 


WAVES a1 ar Joner B add yd 18 ao yaibasqob oi 


0.65520 —0.06069 

| —0.04957 

—0.04049 
—0.03309 


0.45846 
0.41869 
0.38219 
0.34873 


—0.01482} ... is shal 


0.01214) ... |... | -0.01214 
—0.00669 | 0. 0.08486 


0.15730 | | 
0.20293 —0.01860 
0.23296 | —0.03216 
0.23296 | —0.03216 


0.25101 | —0.04174 | 0.02813 
0.25993 | —0.04820 | 0.02298 
0.26198 | —0.05223 | 0.01878 
0.25894 | —0.05344 | 0.01535 


0.25894 | —0.05344 | 0. —0.01232 
0.25221 | —0.05348 | 0. —0.02609 
0.24289 | —0.05271 —0.03569 

—0.05134 


0.29004 
0.26438 
0.24407 


"030008 


NNNN 
| 


—0.03282 
—0.03282 
—0.03427 
—0.03472 
—0.03472 
—0.03216 12703 


—0.04598 
—0.04802 
—0.04865 
—0.04865 
—0.04507 


for0 < 3.6. first reflected wave to reach joint B is s that traveling 
ene the shortest bar. and i is, in this example, f’:,; this wave arrives at B when 7 i 
= L/L = 251 at that time it is divided (joint of type c) among bars + 
and particular, this last fraction of will be felt as part of f’ ss as an 
ie wave at joint B when r = 3.6 + 2L,/L = 5.6. Hence, entries for - 
fas in Table 2(6) can be made during this step for the range 3.6 <1< 5.6. 
a ‘It should be noted that all entries are zero for0<7<2L,/Li in the table pe 
corresponding to the ith bar. The sum of all i incoming ' waves is written in the — 
last column on the e right it in Tables 2 and is denoted by fr; for the ith = 
6. At this time the loaded joint is considered as one of type c and the dis 
“tribution of an incoming wave there is examined (item ce Such a distribution — 
can no ) longer be effected, as in step 5 for joints o of type b, simply by maiipeee- 
- tion by a distribution factor; use of Eqs. 37 is therefore suggested. In the 
pe case these equations reduce (with + = 2,7 = 3, and Ar = 0. 2) to 


47577 0.2) + 0.39282 (r + 0.2) 
(7)] cos — 9.52 9. + 0.39282 (r). (45a), 


0.00106 (r + 0.2) + 1.02425 (7 + 0.2) = — Cf" (r- +0. > 
* +f +0. 00106 t's @- 8. 97575 


— 
= 
0.02671}... 0.30184] | -0.00372 0.63444] | 0.23152 
554 0.04746] 0.24084 + | 0.00372 
477 -0.06332 | —0.00405| 0.18189] 3.0 —0.00306 
577 §  -0.08379| —0.00809| 0.08567 | 3.4 | —0.00208 
021 0.08833 | —0.00880| 0.04132 | mo+ | 02866 
021  =0,08833 | —0.00880| 0.04132] | —0.00172 — 
388  =0.09101 | —0.01863| 0.00111 | —0.00143 
795  -0.09230| —0.02548] —0.03208] | —0.00118 
241 0.09246 —0.03003 | —0.05638 | | —0.00098 
726 —0.00082 | 0.34654 | —0.04954 | 0.06136 0.31156 
$09 | —0.00068 | 0.35026 | —0.04720] 0.05539 030075 <5 
617 0.087 —0.0005' . —0. -5098 — 
040 0.00050 | 0.30821 | —0.04583 | 0.00133 0.21814 
— 
— 
— 
A | 
4 
— 
— 
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“IMPACT ON TRUSSES 


oS which p= = 1, 2, or 3 3 depending o: on the bar traveled | by the i incoming wave, wet 


F or this joint, Eq. 22 becomes 
69986 — — 0.67837 f’pz2 + 0. 90875 = =0 
The term denotes influence on bar of the total wave joint 
ms “through bar p. It should be noted that, according to Eqs. 30, f’,z, must = 
replaced by In the details of the numerical solution, the e quantity, 
— is entered in the pth of Tables. 3; it represents the wave arriving 
* ‘along the pth bar. Then the quantities f’,s; are calculated by simultaneous 4 
- once of Eqs. 45 and subsequent use of Eq. 46. _ The initial conditions for _ 


| 


End 


ie 


Faq. 5.—Srreases at Jornt B rm Bars 1, 2, anv 3 or Fic. 1 


4 ie 45: are e obtained : from the fact that: there ‘cannot be, ¢ at a loaded joint, any A 
change i in | velocity; tl therefore, all ll functions, Bi, for (and 
—f, if i= =p) must vanish at the time of arrival of the i incoming wave. a, 
7. The: sum of all the columns of each of Tables 3, for the rows which have a 
ins completed, is listed in the last column on the right in each table. ‘This 
column i is denoted as sf’ 0% for the ith table of Tables 3 and represents the total 


i in in bar i i at that joint are then 


7 

4 

3 

— 

— 

1 

— 

q 

] 

— 


IMPACT ON TRUSSES © 


which may calculated for all times by means of the described 

“steps. ¢ | ‘Their vs values in 1 the present pr problem are listed in Table 4, and the 
in bars 1,2,and3 are plottedinFig.5. = 4 


rr 


isplacement, 5, « 


tes the terms under the summation must be added vectorially, a process 
which is here most conveniently performed graphically. , Inthe present numer- 
ical examples the average value of the velocity within each interval, At, was used. 
— plot of the displacement of the loaded joint is shown in Fig. 3. os 
_ Duration of Inipact. —It has been shown that impact. can end only when 
4 Eq. 430 holds; in the present example this is true for 0 < r < 2.7 and 4.7 <r. 


These limiting values are correspond | tothe time at which 
= 


and ca can be obtained by inspection of Table 4. The final determination of the 
time of end of impact requires use of the definition of interference and is all 
trated in Figs. 4(a) and 4(6), respectively, for presence and absence of inter- _ os 
renee ‘The velocities of the mass and joint are > required for drawing these 
wo figures; the quantity, du;/dt, is given by Eq. 47) in the case of the: mass and by 


roc 


mate tim time of aid of impact for the illustrative ist = 4, 


tataes are also g _ 

c) 

a 

i= 

rp 

— 

— 

| 
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we 


erior rJ oints and Bars.— the stresses, velocities, and 
displacements in the interior of the truss can now be completed. This part 
contains no loaded joints and therefore the use of the finite-difference solution = 
is no ‘no longer | necessary ; in fact, repetition of step 5 for the joint currently oon By 
Consider, for example, the bars meeting at joint C. The wave, f’oe bie i 
appearing in Table 3(b) is also the total wave entering joint | C from bar 2 at’ Pt 
€ tT = To + 1.2, and is therefore known. Similarly, the total outgoing wave rari 
that bar at joint C at r = ro — 1.2 appears in Table as f’re (ro). These 
— two waves are entered in ‘Table 5. — As in Eqs. 47 and 48 the stress and the 
velocity ¢ can be evaluated at this end of bar 2; ; they | are also listed in Table 5. a 
| & For the other bars at joint C, the step and outgoing waves must be . 


- found from the procedure d described in ste ep 5 This step makes use of the - 


of 


| 


2 
4 
6 
8 
2 
4 
6 
8 
0 
2 
2 
4 
6 
6 
8 
0 
2 


0.23010 
021251 


_ tribution factors; as these have already been listed in Table 1, ‘no difficulties. 


arise because of supported joints such as A and E. in? The deflections: of an conned 
Joint and the stresses and velocities arising in all bars are computed i in the same 


+i 


additional qt quantities (deflections of j joint Cand reactions, for example) 


‘been presented elsewhere.*> The solution thus be considered 
on ADDITIONAL INFORMATION 


Some additional information herewith concerning checks on 


_ 4“The Analysis of Plane Trusses Under Impact,”’ by Bruno A. Boley and Cal-Clnas Chao, Technical 
_ Report No. 1, NOnr 266 (20), Columbia Univ., New York, N. Y.,1953. 
_ _§ Equations for Three-Dimensional Trusses Under Impact,” by Chi-Chang Chao and) A. 
echnical | Report No. 8, NOnr (20), Columbia Univ., New N. Y., 1954. 


— 
Ee. 
— 
— 
9.02 74 | 037816 il 
— 
.—l 
— 
— 
— 


USSES 


N TR 


nr: 


‘806410 
168220 
STOLE" 
‘TOSOT'O 
SII61'0 
0 
69162" 
092610 
90912'0 
62602'0 
¥S082'0 
26909°0 


Zg910°0— 
£8610°0— 
2491Z0°0— 
89€20'0— 


| 
18810" 


© 


0— 


me. 


0£860°0— 
o- 


06191'0— 
99861'0— 


61602'0 


1'0— 

00991'0— 
Z96L1'0— 
S686'0— 


62602" 


ZLSES'0O— 
18€22'0— 
L6866'0— 
99290'0— 
00z£0'0— 
L¥€E0" ath 
61060'0— 


NI g anv ‘p ‘Z NI INIOf IV 


&9960°0— 
99861'0— 


* 


* 


— | 
— bi 
— 


muracr on N TRUSSES 
1. In the « computations at any one joint it is necessary to choose two a ae 
_ to be considered as independent and then to determine the waves in the remain- 
a bars from Eq. 22. The choice of independent bars is arbitrary; therefore, - 7 : 
? 4 ‘a check may be obtained by deriving the same results with different independ- one 
a Pi coordinates. Another check is provided by the fact that the vector sum of Z “S 
me the forces in all the bars meeting at an interior joint must be zero, ts” 
2. A certain number of joints | must t be traveled to reach any one bar from — 
_ the loaded joint. © As this number i increases, the stresses decrease because each 
wave is distributed at each joint according to distribution factors which are 
smaller than unity; that is, the truss configuration at large | distances from the e ¥ 
loaded joint has as little influence on the stresses near the load. — 
example, impact has already ended when waves: which passed through j joint 


(gh 3. It follows that the maximum stresses will usually occur in one of the bars _ : 


= at the loaded joint. An upper limit for these stresses can be obtained a 
considering all joints adjncent to the loaded o one as fixed hinges. 


4, If the loading consists of a prescribed force varying cies joints of | Zz 7” 
ty types a and ¢ are eliminated and therefore no finite-differ®nce solution is nec- wid a 
essary. . The modifications n necessary to reduce the loaded joint to one of type 
b have been cited in the discussion of thattypeofjoint. 
6. if impact occurs at more | than | one joint, either simultaneously or not, 
> the stresses and velocities can be obtained by superposing the values obtained — 7 on 
__ by considering each impact separately. Care must be exercised, however, be- 
- cause it is necessary to consider ‘together the effects of all loadings when the 


is time of end of impact for any one of the striking masses is determined. irre = 
In th the computations previously described only the stresses and velocities 
at the ends of each bar were determined. It is easy to find the values of these 
4 quantities at a distance, xi, from one of the ends (M) of bar iv with the he aid of the 


| 


L 


Zi) Tout | + Cin 
Site 


in poles the st the total outgoing or incoming wave at 


fae 8. The striking mass was assumed perfectly rigid i in the present example so 
as not to introduce any complications extraneous to the truss proper. | “Should — ~ ““g 
Z the mass be elastic, some modifications in the computations pertaining to to joints a 
of types. pes a and c would be required, pe perhaps using the Hertz theory of impact* _ 
for the determination of the impulsive force. 


— 


**Theory of ” by 8. Timeshenke and J. N. . Goodier, McGraw-Hill Co., »Ine., New 
ork, N.Y + 2d Ed., 4, 


~ 


— 
a 
J 
| 
Ket 
| 
f 
q 


into account the additional degree of freedom. | The principal equations are 4 


listed herewith and are derived with the aid of some well-known formulas of 4 
vector analysis.’ It should be noted that all equations, under the heading, ““Gen- 
eral Description,” are sti ill valid, with the exception of the specific expressions © 

_ for distribution factors. . Eq. 20 becomes, for the three-dimensional case, 


in which bars 1, 


a 
A 


g? = gt = - 623 COS O43 — - cos 6; 


| 


— cos? O12 — cos? 0:3 + 2 cos 612 cos O13 cos O23... (54h 

Eqs. in the are replaced by i 


Cs +f"; 08 + % = 
Pp 


L 


ind two other en equations for bars j and k, where, in the summations, 


= 1,2,3...n. Eq. 26 becomes in this case, 
n which the quantities Pia ili’ Pra are e identical with those given by Eqs. 27a 


Vector with a an to Ter 
York, N. Y 


— 
—— 62 a 
procedure described in the foregoing for the analysis of trusses under 
impact is quite general and can therefore be applied directly to three-dimen- 
— 
— 
d3 tcoplanar,andin which = 
4g 
J 
q — 613 COS — COS Oe3)............. (549) 7 
— 

; 2 
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ABs 


It should be poted that g = gies and that goer = Georg = Gres and 80 forth. 
a ‘eh With the foregoing equations, joints of type a can be treated. For joints 
k of of type b the necessary distribution factor ot Di of Eq. 13 becomes ~ 


tqr 


For joints of types c, c, the fnite-differences should. again used ; the 


"APPENDIX 


Structural Analysis” (ASA Z10. 8—1949), prepared by a committee of 


American Standards Association with Society representation, and 
= cross- s-sectional area of a abar; ne salina 
= speed of wave propagation ; sill 
= ‘constants; of oitis adios js he 
= distribution factor; 
' = modulus of elasticity; 
Jongh ofabar; 2 if dtiw sdyia % 
= term defined in Eq. 24; bi ts od 
= number of bars meeting at a joint; bus 
= term defined by Eqs. 26; od Ziel mont od of bowen 
= term defined in Eqs. 28; 


baw. 
= time; af 


= axial displacement; Bt lin 
= = velocity; 


—— 


= normal axial stress ; and it bo Ser 
time. 
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4 expressed in feet; grades are expressed in percentages. = 
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SIGHT DIS STANCE . UNDERCROSSINGS 


1 
‘Wit Discussion BY M y Mr. THomas F. | 


ia Day light tight distances on n highway idles curves in 1 sag may be limited | oy 
by a structure crossing the right of way. Conventional formulas for the 
determination of this sight d distance are based on the special case in which the : 
critical e edge of the structure is directly above the vertex of the vertical curve. 
_ Despite this limitation, these equations are considered to be applicable regard- 
_ less of the position of the critical edge with respect to the vertex of the vertical 


¥ 


Specific formulas are ‘derived whieh are correct for any position of the 
: structure; the results obtained by use of of the conventional equations ar are 
with those using the specific formulas. 


of sight with M the ‘driver’s eye at a a height, h, above the ] and 
‘The horizontal projection of MN is t the sight | distance, ‘S. 3 The grades of f the 
entering and leaving tangents | are and go, respectively, with direction of 

4 travel always assumed to be from left to right unless otherwise noted. | The . 
length o of the it ama curve is L, and a is a constant of the parabola given by 


an are expressed in stations and -vertical distances are 


Nore. —Published, essentially as printed here, in January, 1955, as Proceedings-Separate No. 597. ad 
Positions and titles given are those in effect when the paper or discussion was approved for publication in = 


Associate Prof. of Civ. Eng., The City College of New York, New York, N. Y. Sime 
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! 
Case istance Than Length of Vertical Fig. 1(a), 
A is any point such that the line of sight remains entirely within the vertical Pe 
curve. _ The vertical clearance is AC and the horizontal distance from A to the 
object end of the line of sight is k S in which k is an unknown ratio. The line 
FI is a tangent of the parabola drawn 1 parallel to chord HK. ¥ The point of tan- we 
gency, E, will be at the midpoint of FJ. 


A 


fe 
A 
7 
— 
f 
2 


"Letting the clearance AC equal c and cutting Eq. 3, 4, and 5 into 2 


f k into Eq. 7 and simplifying results in 


Substituting this val 


‘The values by American of State 
Officials (AASHO) are h =6 ft, hy = =i, 5 ft, and = 14 ft. Substituting 


a (10) 
4 Substituting Ba. 1 10 solving for L results in 


Le S? 
‘a Case I 1. (Sighs . Distance Greater Than of Vertical Curve.—In 
= _ 10), Ais the critical edge of the obstruction, distant d from the vertex of he 


r the vertical curve. The distance, d, is assumed positive . to the right and it 
: 4 must be less than T/2.— The distance from A to the object end of the line of | 7 


‘The elevations of M, , and N, above the vertex, are 


-a(3-d (138) 


Ely = k St+ "d hy 
Elm — Ely _Eh- Ely 


| 
_ ‘ } q Differentiating with respect to k and equating dS/dk to ze “| i 
{ 
— 
4 
a 
— 
— 
By proportion, : 
— 
— Policy on Grade Separations for Intersecting Highways,” 
_ 


Diflerentating Ss with respect to k and setting aan equal to zero ) results i in 3 
For a minimum value of S, lenis eto tad) 


With = 6 ft, h, = 1.5 ft, and c = 4 ft, Eq. 21 becomes bing 120, i Mur 


It should be noted Eq. 22 that the clearance at the critical 
edge is 14 ft. This is ‘not necessarily so, as the critical edge may be the one 
with a clearance of more than 14 ft. To determine the critical edge, it is 
. necessary to know whether the line of sight has a positive or negative slope i in 
the direction of travel of the vehicle. To avoid confusion, the vehicle will 
always be assumed to be traveling from left to right unless otherwise noted. | 
on If the elevation of N minus the elevation of M is termed E£, the sign of EB * 
be the same as that of the slope of the line of sight. 
odd ed bo g2 + ¢) + hi + (S-—kS— a- 
pi, 


— 
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- Simplifying and substituting for ki ite valucii in Eq. 1 18, with a = 6ftandh,= ix 5 ft, 
before, results in 


Po Eq. 24 indicate that the slope of the line of sight is such that the critical — 


edge is the one with a clearance of more than 14 ft, it is necessary to modify _— | 


«Eq. 22 by adding the additional clearance to the constant of the last term. __ 
a) To illustrate the use of Eqs. 20, 22, and 24, the following problem will be 


yor, 
_ A —2% slope meets a + 3% slope at Station 10 + 00 at El. 100. An : 
overcrossing structure 100 ft wide which crosses | the right of way at right 7 
angles extends from Station 7 + 00 to Station 8 +00. The required sight 
distance is is 1 7820 f ft. What length of vertical curve is required? a 


— 


Because it is at once which i is the critical edge, it is 
 - the critical edge is at Station 7 + 00—that is,d =— 3. Then, solving : 
4 Eq. 24, £ is found to be — 3.15. . The magnitude is not important; the sign - 7 
is important because it confirms the assum ption as to the critical edge. < Solving 
Eq. 22, F is found to be 1.538 and from Eq. 20, Lis 7.51 stations, 
‘This is not a complete so solution as the sight distance i in the ° opposite direction = 
also be considered. Solving Eq. 24 with d=+. 3, m =— 3%, and 


| 


a g2 = + 2%, Eis negative and the critical edge i is that at Station 8 in 00. The — 
at Station 7 +00. To determine this additional clearance, it is 3 necessary to 
i ptm a value of L. Assuming L = 7.50 stations, the clearance at Station 
8 Sk 00 Sig 22t to a 14-ft clearance at Station 7 + 00 is 15.17 ft. This 


and F is 1.081 and L is 5. 
_—— Henee, for a sight distance in both directions of 1,320 ft, the vertical curve 
must be 750 ft long. The AASHO for > Lis 


Eq. 26 requires a vertical curve for the er oe aah to be 1,000 ft — 
- long as compared with the correct value of 750 f ft. Shortening the curve to — 
750 ft reduces the required elevation of the critical edge by OSlft. 
ea A comparison of the value of L obtained from Eq. 20 and Eq. 26 for various — 
_ values of S, gi, g2, and d is made in Table he . In each case the anne 
zo has been so located with respect ‘to the vertex that the critical edge is the 


minimum (14 clearance . The of | curve required by 
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‘DISTANCE 


P from right to left the value of d used i is —1. The grade to the left eo 
= the vertex is always numerically equal to g; but, of of course, , its its sign - changed — 
reyte tht 
he Referring again to the foregoing problem, if the overcrossing structure were 
shifted 50 ft farther away from the vertex, the value of L determined by 
Ey 20 would be imaginary. A study of Table 1 shows that, for a any given set 
of conditions, there is a critical value of d beyond which Eq. 20 is not applicable ie 7 


—that becomes i This critical value of di is 2 FP. me 


As DETERMINED BY THE CONVENTIONAL MerHop (Ea. 26) 
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When d exceeds 2 F another 1 relationship i is required. This relationship i a 
considered as Case IIa. It is also” applicable for values of d less than the 
but it is not as convenient to use as Eq.20. tev 
Case IIa. Sight Distance Greater Than Length of Vertical 
‘Fig. 1(¢), A is any point within the sag. of The line of sight, MN, has an 


- known slope, G. The lines MO and ON are parallel to the grade tangents and pt 


vertically al above them by distances h and hs, respectively. The coordinates a 


of A with respect to coordinate a axes through point 0 are z and y. . The 
ordinates of the vertex, V, with respect to the same axes are w er . Point A he 
‘divides the sight distance, S, into 1 and dz. Therefore, 


a rn Where the tabular value o 1, the a | fi 
| 
=- 
a 
jos) |  i$fi 
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ev 


an 


14 4 


5 The value of G obtained by substituting the known values of 2, w gy 8 
iné in Eq. 31 is then us used i in Eq. (290 which may be > rearranged eee 


(92 — 


With | proper reg regard to § sign, zn, the ee ee of the vertex are 


inh 


illustrate t tha use of E 
a qs. 31, 32, 33, and 34, the data. given in the fore- 
going problem are assumed except that | the overcrossing extends from Station | 
6 + 50 to Station 7 + 50. i From the previous solution it is logical to assume — 
that the curve will be shorter than 700 ft . The elevation of the orttioal edge fa 
hadi is then 121.00, and the distance from the vertex is — 3.50 stations. From “a 
Ege. 33 and 34, w and v are — 0.90 stations and — — 4.20 ft, respectively. Then 
a * and y are — 4.40 stations and 16.80 ft, respectively. _ From Eq. 31, @ is 
0.30% and from Eq. 32, S is 13.80 stations. 
‘Thus, the actual sight distance is greater than the required sight distance _ 
without a vertical curve. If S had been less than 1,320 ft, it would have been 
 mecessary to increase y by introducing a vertical curve longer than 700 ft or 
4 by increasing the clearance. A check of the sight distance in the opposite 
a direction shows that the critical edge is the one at Station 7 + 50 and S is (a 
a 14.63 stations. In so far as daylight sight distance is concerned, it is not 
necessary to have a vertical curve in this sag. The length of the a 


a 


curve would be determined by some other design criterion. nak to 
For Case I, ‘sight distance less t then of vertical curve, the conven 
J tional formula i ‘is, for all practical purposes, identical with the ‘proposed correct valle ; 
, and he iy uy 
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sight distances are involved in most practical problems involving 
a Case II. However, when the critical edge is more than 200 ft from the vertex, pasee 
"As the critical edge moves farther away from the vertex, Eq. 20 becomes 
invalid, and it is necessary to resort to Eq. 32 to determine the sight distance. _ 
Both of these equations, when used in conjunction with the equations from Pate ‘ 


_ which they were developed, permit exact location of the line of sight. This — 
permits rigorous solutions for complicated sight-distance problems such as a 


gag with more than 


A. 


For Case II, the conventional formula (Eq. 26) is remarkably accurate if 
critical edge is within approximately 200 ft of thummmmtex of the vertical 
r s curve, and if sight distance is considered in each direction as it must be because _ Sew) | : 
— 
— 


formulas for | Case II, if d = 


= 


36 into ¥ 


which agrees with Eq. 26, the AASHO formula. 
Be ‘asi _ In view of Mr. Hartman’s conclusions, the writer is firmly convinced that 
oe the conventional formulas are satisfactory if attention is called to the range of os 
j errors (on the side of safety) for the rather extreme situations (in Case II or 
; ve = s Case IIa) in which the critical edge is more than 200 ft from the vertex of the — 
3 vertical curve. The conventional formulas possess the great advantage of 
in derivation and application. . Because the hazards of passing sight 


ips Toneous results are rendered lessimportant. 
In conclusion, it must be stated that Mr. Bartmen! 8 paper is a valuable 
contribution to the technical information of the 


Prof. of Civ. Eng., Univ. of North Carolina, Cc. 
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of organic matter in sewage wastes requires oxygen, which 
in secondary treatment plants is normally obtained from the atmosphere. The 

_ primary source of atmospheric oxygen is photosynthesis, for which the sun wp: Fe 
plies the energy and water supplies the oxygen. Sewage contains the necessary 


“nutrients for * photosynthetic organisms t to produce oxygen and at the same on 


"Laboratory and pilot-plant investigations of sewage treatment in open ponds ~4 
photosynthetically produced oxygen have been conducted during the years 
~1955.. These studies have provided some basic principles which can be 


authors have formulated design based on these The 
- chemical, biological, operational, and economic factors that affect the use of 


‘The impounding of domestic sewage and industrial wastes in natural and : 
artificial ponds has been practiced under various circumstances for a long time. ae 
In recent years, however, descriptions of pond designs and structures have ap- j 
"peared i in ‘engineering literature with i increasing frequency, indicating that im- 

pounding is emerging as ‘a distinct treatment process. Such facilities 
_ been most commonly called “sewage lagoons” and “industrial waste lagoons.” 


-Nors. —Published, essentially as printed here, in May, 1955, as Proceedings-Separate No. 686. Posi- 
_ tions and titles given are those in effect oo the paper or jussion was approved for publication in Trans- 
= 1 Asst. Research Engr., Inst. of Eng. Research, Univ. of California, Berkeley, Calif. pe ae ae 
Prof., San. Eng. Chem., Civ. Eng. Div., Univ. of California, Berkeley, Calif. 
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“Fig, 1.—Gewerat Tres or Oxrparion 


Those more subject to engineering analysis are often termed “oxidation ponds.” 
oct Wo € eerit 0 


Lagoons or ponds have been used as holding reservoirs for partly treated efiu- 


q 


of treatment by biologica 


; 

“4 
reservoirs for percolating 
t 1d as ieaching reserv y 

h Mary or sec- 

eta -_-Tiquid wastes into the soil; they have also been used in either primary ot 

sewage or in both, Ponds | 


‘oxidation, and they may produce growths « of photosynthetic 


_--- Oxidation-Pond Types. —Studies indicate that oxidation ponds which differ 


J « greatly in detention time or physical size may also differ greatly in the principal = =—=_— 


mechanism by which oxygen is supplied to newly introduced wastes. | Fora ; 


principal mechanisms and corresponding pond types be shown schema-— 

oxidation ponds of Type 1, having detention ranging from three 

weeks = six months or or more, surface aeration is the most nost important s source a 


~ comparable to natural lakes because their physical size is so great that they ae 

_ receive wastes with little depletion of their oxygen reserves. The design of 
- ‘such units has been described recently by W. Van Heuvelen and Jerome H. ~ 


_ The smaller Type 1 oxidation ponds are commonly designed for detention ; 


reaeration with atmospheric oxygen which is accelerated by partial depletio 
of their oxygen reserve as oxidation of organic matter progresses. The design = 
of this type of pond has been described by D. H. Caldwell,‘ A. M. ASCE. 
Type 2 ponds utilize detention periods of less than one week. Their small 
size makes them highly dependent on the biological process « of photosynthesis to q 
; an the oxygen needed for oxidizing the entering wastes. . This type of pond b 


; has not previously — described i in aa) literature and thus far has been built 


_ periods of from three weeks to six weeks. They depend principally on icon 7 4 


synthesis, the major source of oxygen in pode of Type 2, may also contribute 
to the oxygen resources of ponds of Type 1 whenever conditions are favorable 
for vigorous algal growth and also where recirculation is used. Surface aeration & 
is a source of oxygen for ponds of Type 2, especially at night wie photosynthe- ry, 
tic oxygen production is nonexistent: 
‘The principles of waste treatment by dilution and, to some degree, by sur- be : 
aeration have been described i in the engineering literature.®-* _ Few practi- 
eal data on the principles of waste treatment by engineered photosynthesis are 
— however. It is the pt purpose of this paper to present such information, ca 
a which has been developed in laboratory studies and pilot-plant studies during ae 
‘a Photosynthesis.—Photosynthesis is the most basic process of biology. 
- Through it green plants are able to make use of solar energy in ‘appropriating — 
4 carbon dioxide for incorporation into their own organic structure. . Photosyn- Pe 


a thesis represents the ultimate origin of almost all organic matter and, thus, is 2 
$“Sewage Lagoons in North Dakota,” by W. Van Heuvelen H. Sewage and In- = 
Wastes, Vol. 26,1954,p.771,. deliava 


4“Sewage Oxidation Ponds—Performance Operation and Design, by D. H. ‘Caldwell, Sewage 
Vol. 18, 1946, p. 433. 


“Stream Sanitation,” by Earle B. Phelps, John Wiley & New York, N. Y., 1944. 
_ _*“Sewage Treatment,” by Karl Imhoff and G, M. Fair, John Wiley & Sons, Inc., New York, N.Y., 
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able for living steantn agg is also the basic mechanism by which oxygen is 
_ released from water ; oxygen in turn is the only substance that makes it possible 
for living organisms to gain sustained access to the energy stored in — 
‘matter. — More simply stated, the production of organic matter by photosyn- — 
: thesis i is accompanied by the absorption of energy and the release of oxygen 
whereas the destruction of organic matter involves the utilization of an n equiva-- 
_ amount of oxygen and the release of energy. In general, the value of this — 
- equivalence of oxygen and any amount of a specific organic matter may be ‘ 
- determined from the elementary composition of the organic matter when newly _ 


be It is generally recognized that organic matter is most 1 rapidly oxidized bio- 7 
Seanad by neues and there is much evidence that it is most rapidly syn- 
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_ thesized on a sustained basis by green algae. Iti is also well known that the | 
principal products of aerobic bacterial oxidation of « organic matter are CO, 
_ Ns, and H,0 which, except for the additional requirement of light energy, i. 
- identical to the principal requirements for algal photosynthesis. Thus, | in 
"4 theory, the « decomposition « of organic matter by bacteria ‘may o occur at the same _ 
_ time that new organic matter is being synthesized by algae, provided that light — 
7 is available as the energy source. Under such circumstances the efficiency of 
a _ oxygen utilization is greatest because oxygen is used as soon as it is formed. " ' 
cycle of photosynthetic oxygen production is shown in Fig. 2 
matter system as sewage is oxidized by sewage bacteria utilizing 
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~~ PHOTOSYNTHESIS 


oxygen released by ‘The algae, utilizing solar energy, are simultaneously 
synthesizing organic matter from hydrogen liberated in their chlorophyll —_ 
ments and from the carbon dioxide and ammonia produced by bacteria. Al- © 
| though this entire reaction may occur in a closed system, some carbon dioxide — 


_ is normally drawn into the cy cycle from the a atmosphere and excess ¢ 


a The cycle shown i in Fig. 2 is the basic principle on which the Type 2 oxida a 
tion pond of Fig. 1 is operated. In order to develop practical equations for orthe 
P - design of such a unit, it is desirable to assume that it will be operated so that a 
| : the oxygen required by bacteria will result: from the development of of new phot a 
- synthate. It is desired also to evaluate some of the previously cited bas 7 
- factors of photosynthesis and to express them in simple mathematical symbols. __ 
= These factors are: (1) The relationship between oxygen and organic photosyn- 
§ thate; (2) the ‘relationship between stored energy and organic photosyn oe 
and (3) the relationship between energy stored in organic photosynthate and» 
The ratio of the weight of oxygen released, We, to of organi 


oxygen may be 


u _ The available stored | energy content, H, of the organic photosynthate is 
“equal to its unit heat of h, times its weight, or 


* the total available heat energy, H, of the organic matter divided by a factor, i 
F, which is the efficiency of energy conversion. 
The ratios from Eqs. 1, 2, and 3 may so as to show the basic 
_Felationships b: between algal cell concentration, depth, detention period, solar- 4 


-energy input, and photosynthetic efficiency i in photosynthetic oxygen -produc- 
- These relationships may be utilized with certain modifications 594 


“fn to the amount of the total light er energy which has been fixed (H = 
- Because efficiency, F, is dimensionless, both H and E, should be expressed | in 
the same units. energy, is related to insolation as follows: 
abe 


per day; A is the surface area, exposed to light, in equare centimeters; is 
the time, in days. — 
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PHOTOSYNTHESIS» 
a Substituting in Eq. 3 the value of H from Eq. 2 ‘and the value of E, from 


4; in which Wom equals the weight of organic matter produced in in area A and F is 


the efficiency of light utilization 


the shown i in the development of me 4, 3 may be 


The energy fixed in algal cells, H, may also be evaluated by svaltiplying the “% 


milligrams per liter rather than a as Thus, H = SAD Fe= =h 


2 cause the surface ar area, ., A, for one liter of liquid of of depth, d, in centimeters is 


> 


Since in deriving Eq. 6 the oxygen to be met 

¥ Pon photosynthetic oxygen production, the biochemical oxygen demand, 
Ly, in any time, t, may be substituted for oxygen produced, W., and C, may be 
"substituted for Won 


known. Experimental ‘coefficients “representing: them can be. 
mined, however, and then be applied to the factor, F. For example, tempera-— 
ture strongly affects both bacterial and algal growth. Hence, a temperature — 
is required i in Eqs. 6 and 8. ap) 


-‘The actual application of Eq. 9 to the design of oxidation ponds depends on | 


_ a knowledge of the interrelationships between the several factors in the equation © x 
a in addition to the influence of environmental factors on the efficiency of algal 


| 

efficiency, F, in Eqs. 

4 


; - the oxygen arequired by a waste can be developed i in terms of algal cell concentra- = 


| 
. in which Ti is the measured light intensity at depth d, J; is the incident Tight : 


‘intensity, | and is the specific absorption coefficient. Taking the natural log 
For a practical | design it should be assumed that all the available light is ab- 
Pe sorbed; therefore, a at the pond bottom the transmitted light, #3 should be ap- 


proximately zero. Equating I to 1 (1.0 and solving for 


one the possibility « of unusual turbidity other than algal cells, Eq. 
ind 12 expresses the depth, d, to which light penetrates through a culture. r _ Thus, a, 
Eq. 12 defines the effective depth for photosynthetic oxygen production inas- o* 
, "much s as there is no visible light and, hence, no algal growth below depth, d. a 
q Because daylight intensities vary from a few hundred foot-candles to more 4 
10,000 ft-c and and C, vary between 1 X 10“ and2 X 10-*and between 
1 X 10? and 3 X 10%, respectively, it might seem that light intensity would 
& have the greatest effect on the depth of light penetration. Actually light in-— 
_ tensity may increase tenfold with but a 33% increase in the depth of penetra- 
tion. On the other hand, aocneing cell concentration by a factor of 2 will 
- double the depth of penetration. The value of the coefficient a depends on the 
e algal species and their ‘pigmentation an: and is not normally subject to close con- a 
trol. In practice, however, it may remain 1 approximately 1.5 X 107, — ‘Hence, 
. it may be concluded that algal cell concentration is the most important of a 
_ factors which determine the depth to which light will penetrate into a -pond. 
The value of d determined from Eq. 12 is the depth which normally should 


te Values of the Factor, h. —The heat content of algal cell material is a vari- 
able factor. It may be measured by calorimetric methods or 1 computed from — pat 
the chemical content of the algae. In general, it has been shown to be pro- — 
portional to a factor termed the “R-value,” which -Tepresents degree of re- 
duction of the organic matter s synthesized. If the percentage by weight 

Of carbon, hydrogen, and oxygen in the organic matter is known, ai may be an 
determined Spoehr OW. V. Milner? have shown tt that Rk 
(BOX + Goll X74 C X 2.66 + % 7.94 % ) 100. It may also be that 


1 "The Chemical Composition of Chlorella: Effect of Environmental Conditions,” by H. A. Spoehr oe 
. W. Milner, Plant Physiology, Vol. 24, 1949, p. 
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there is a relationship between R h which closely follows the e ex- 
pression, h = R/7.89 + 0.4 . Thus, a hypothetical material _ having a 
; R-value of 60 should have a heat of combustion of about 8 kg-calories per per ‘gram. 
- These relationships have been confirmed in the laboratory by calorimetric 
methods for algal cell material grown on sewage. Normally for sewage-grown 


h is near 6 kg-calories per gram on an ash-free basis. 


Values of the Factor, p.—The relationship between the weights of oxygen 
a, ‘Teleased 1 and organic matter synthesized varies within relatively narrow limits. 
er in the case of h, one fundamental method for its evaluation is to measure 
carbon, hydrogen, oxygen, and nitrogen in the algal cell “material. For ex- 
ample, an analysis of a certain culture of algal cells shows carbon to be 59.38%; 
hydr ogen, 5.24%; oxygen, 26.3%; and nitrogen, 9.1%, on an ash- free, dry- 
> weight basis. By dividing each of these percentages by the atomic weight of a 
corresponding element and by correcting the resulting numbers propor- 
4 ‘eae to make the value of the nitrogen coefficient equal t to one, the follow- “ ; 
‘ formula for algal cell material is developed: Cz.s2 Hs.0s 
-tmauch as all evidence indicates that ammonia is the source of the nitrogen, ' 
n dioxide e is the principal source of the carbon and water | is the source of 7 
ygen, it may be assumed that the synthesis | of this material is el ; 


re 
1.0 NH*,. + 7.62.00 + 2.53 > Hee Nie +7 62 O.+1.0 + 
@ Considering only cell material and oxygen on the right-hand side of the equation, 
= - X 7.62) + (1 X 8.08) + (16 X 2.53) + (14 X 1) = 153. 56 g cell material, 
and (7.62 X 32) = 243.84 g oxygen, from which 1 g of cell materials is found 
_ to be equivalent to 1.587 g of oxygen. ee Because algal cell material may contain 
 Saomoasdye 85% organic matter, the oxygen yield per gram of ash-included : 
_ organic matter is 1.587 X 0.85 or approximately 1.35 g. Experimental work _ 
shown that, under environmental conditions which are practical for photo- 
* synthetic oxygen production, the value of factor, p, is normally between 1. 25 
@ and 1.75. Thus, it may be concluded that synthesis of a unit weight of nea vs 
_ produced algal cells has been accompanied by the production of a greater weight _ e 
- f f ilable for b on of or ee 
0 oxygen in a form available for acterial oxidation of organic matter. _ Le 
_ Limitations on Efficiency.—It is to be expected that every factor affecting 
liv ving cells will influence the efficiency with which green algae utilize solar 
"energy. No firm value has been established for the maximum ‘efficiency 
although it may be more than 50% under certain conditions.* 
. “< However, for purposes of application to sewage treatment, the question of i 
mum photosynthetic efficiency is largely academic because 2 a practical barrier to 
‘i high efficiency occurs long before the maximum reported values are reached. © ed 
= _ This practical barrier is evolved from the fact that there is a maximum i 
tensity of light which individual algal cells can utilize during a sustained oi ; 
. All light energy supplied at a higher rate is therefore partly wasted. “The 
is a critical light intensity above which no additional light is utilized has ‘been 
ae termed the “saturation intensity,” J,, The importance of this factor in pond - | 
ae _ “Quantum Mechanism and Energy Cycle Process in Photosynthesis,” by Dean Burk and Otto War- - 


burg, Naturwissenschaften, Vol. 37, 1950, p. 560. 
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PHOTOSYNTHESIS 
esign is due to its effect in placing « a » practical upper limit on the efficiency, F, 
According to > Vannevar Bush, by J ohn S. Burlew,’ the maximum 


“ction of available light that may be utilized by an individual algais 5 


Sere 


he I, is saturation ight 
a fis ; the fraction of the available light utilized. 


in which I; is the incident light 


= 
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Fraction of available light utilized, f 


mt 


- 
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Fig. 3 shows graphically how fi is influenced by changes in the incident and 
light intensities. It is evident that, as the saturation intensity 
ae. the percentage of incident light which i is utilized also increases. 
Thus, for example, for an I ~value of 8,000 ft-c and an I,-value of 400 ite, 


; > 20% of the available light energy is utilized whereas, for an J,-value of J 


al Culture from Laboratory to to Pilot Plant,” by John 8. Burlew, Publication 600, Sone tan ‘ 
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700 ft-c, 30% of the energy is used. As increases, f decreases of 
_ the value of J,. Investigations® have shown as one result of the foregoing that, — ; 
algal cells can be brought intermittently into contact with high-intensity 
— light through turbulence created by vertical mixing, the percentage of available f 
light that may be utilized is increased. This increase in the availability of light 
_ theoretically increases the depth which can be used in Eq. 6, Eq. 8, or Eq. 9 
- above that which might be determined from Eq. 12. - Hence, the economically 
_ effective depth could be greater than the depth determined from Eq. 12 . Fur- : 
_ ther « data are required, however, before any permissible i increase in | depth | can q. 
be predicted under conditions of vertical mixing. Par aS A 
‘The value of J, is not the same for all cultures of sewage-grown algae but 4 


4 


rather it is a function of the physiological makeup of the particular cells in the 
culture. Their mechanisms for light absorption, hydrogen transfer, organic 
synthesis, and cell multiplication, when functioning at peak efficiency provide 
the highest saturation intensity. It has been previously demonstrated by the : 
, that these functions are performed most effectively by young, rapidly — 


LE 1.—TEMPERATURE CoEFFICIENTS FOR PILOT-PLANT | 


as 


cells. Thus, ct the ithmic phase of cell growth attain a 
higher value of I, and utilize a greater fraction of the available light than do q 
4 older cultures. — To support a population of young cells in the logarithmic r Phase : 
of growth, a substrate rich in nitrogen and other vital elements is necessary. 
This condition is met only at short detention periods—that is, low values of D. 
a Only moderate values of efficiency are practical in sewage treatment - 
cause high values of F can occur only in substrates that are very rich in nutri- _ 
_ ents and hence are not stabilized. Values of F exceeding 10% are believed to 
_ indicate such a condition. — Because the objective of sewage treatment is to 
_ produce a substrate e depleted in organic matter, a relatively | low average effi- 
Temperature data are used to typify the manner in which photosynthetic | 


"efficiency is modified by environmental factors. In Table 1 are presented typi- 
cal values for the temperature coefficient, te This table is based on data for 
c cultures of chlorella isolated in pilot-plant studies and grown in the laboratory _ 


Symbiosis in Ponds. II. Growth Characteristics of C. pyrinoidosa Cultured in 
W. J. Oswald, H. B. Gotaas, H. F. Ludwig, and V. 4 Lynch, Sewage and Industrial Wastes, Vol. 
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- 
amt, ata light intensity of 1 i; 200 00 ft-c, illuminated ¢ an average of 14.4 hr daily, and 
at a detention period of 4 days. As previously indicated different values of _ 
=, might be obtained under different experimental conditions and with different _ 
ar species of algae. This fact is illustrated by the observation that the dominant | 
species of algae i in an oxidation pond tends to ) change wi with the seasons."' Sus- a 
tained low temperatures require consideration. Data a obtained in the labora- 
tory indicate that low-temperature adaptation i is a characteristic of the chlo- -_ 
re rella encountered i in pilot-plant studies. This strain, or r comparable strains of | 
algae, 1 may be expected to occur, in log=teinperature ponds and “will ‘sustain 
F photosynthetic oxygen production at temperatures nearly as low as freezing. a 
However, as shown in | Table temperature coefficients which modify effici- 


encies are greatly r 


educed at the lower temperatures. — The rate of ee 
oxidation of sewage is also reduced at low temperatures, and it may become re- _ 
, duced toa point where little oxidation i is accomplished regardless of the oxygen : 
supply aie regard to high temperatures, a strain of chlorella that has a high © 
temperature tolerance has been reported by Jack Myers.” This and other 
strains will undoubtedly develop favorable conditions particularly if 
Values of the Factor, S.—The daily dimou of solar energy, S, that reaches 4 
the earth’s surface is a function o! of astronomical, geographical, and meteoro- 
logical phenomena. As might be ye expected it is subject to wide daily and 
sonal variation, but on a monthly basis it may be closely predicted at any 
° particular location if certain geographical and 1 meteorological data are available. 
Table 2 represents predicted and minimum plausible values of S for 
a. the indicated segment of the earth, as computed by the writers from relation-_ 
_ ships published by H. H. ‘Kimball® together with other data collected and pub- | 
& lished by the Weather Bureau (United States Department of Commerce). alll 


Use of Table 2 to determine the value of S is illustrated by the following ex- — 
The numbers in the columns under ‘Seo month represent the visible and > 
ee insolation (solar radiation), both ‘direct and diffuse, incident on a hori- 
_ gontal surface at sea level, expressed in langleys (gram-calories per square 
_ centimeter) per day. Values in the right-hand column for any month are total 
insolation (ultraviolet, visible, and infrared) whereas those in the left-hand 
~ column are the portion of this total radiation which lies in the visible range— 
rr that is, the amount of radiation of wave lengths from 4,000 A° to 7,000 A* that 
will penetrate a smooth water surface. The maximum (max) values represent 
ir in each case the average daily amount of radiant energy which may be received __ 
during clear weather. These maximum values have been computed taking » 
into consideration all the important factors influencing insolation. Hence, 


2 oS pe “Photosynthetic Reclamation of Organic Wastes,” by H. B. Gotaas, W. J. Oswald, and H. F. Lud- 
wig, Scientific Monthly, Vol. 79,1954,p.368, 0 
:* “Growth Characteristics of Algae in Relation to the Problems of Mass Culture,” by Jack Myers, 
Publication 600, Carnegie Institution of Washington, 1953.0 
Psa “Intensity of Solar Radiation at the Surface of the Earth and its Variations with Latitude, Altitude, 
- Season, and Time of Day,” by H. H. Kimball, Monthly Weather Review, Vol. 63, 1935, p. 1. 
ae ___™ “Solar Radiation Data by Stations,” Monthly Weather Review, U. 8. Dept. of Agriculture, Nos. 71-77, 
, 46 “Solar Radiation Data Annual Summary,” Climatological Data: National Summary, U. 8. Dept. of 
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TABLE 2.—SoLaR Rapration®; ProBaBLe AveraGE VALUES 


| 


| 


vise toté | vis tot | vis tot | vi vis tot | vis tot 


aS yor 55 685 | 266 700 | 271 708 | 266 600 | 249 G45 | 236 62 
6 
10 fe Ymine 219 583 462 | 182 480 | 103 274 
670 697 | 253 655 | 241 642 
i 213 560 (534 | 188 464 | 184 484 | 108 288 
4 259 688 268 «701 | 258 665 | 247 656 
206 543 187 «466 | 187 492 | 113 300 
Sey a 254 675 | 2 270 «705 | 262 675 | 252 668 
i 199 530 | 5: 189 500 | $10 
249 665 709 | 266 685 | 258 678 
192 510 | 196 523 | 191 506 | 124 320 
244 655 270 694 | 262 688 
184 490 | 193 192 512 | 129 330 


239 645 | 262 - $80 273 702 | 267 700 
176 470 46: 193 518 
233 630 276 710 
167 450 
226 610 
154 159 430 177 456 
192 515 50 664 705 


in | 144 ‘174 «4452 

20 

| 134 1 168 | 170 447 


174 480 241 

123 335 132 | 162 

166 460 ‘i 236 268 697 
111 310 156 164 433 
156 440 230 «615 | 266 690 
149 390 | 160 425 
146 420 224 «603 | 264 683 

87 250 | t 142 156 415 
136 400 | 58 261 675 
76 ‘151 405 


126 380 | 212 “570 

204 «553 

118-320 
538 
300 
189 «520 
103 280 
181 500 
(95 270 


«485 
88 250 


=~. oes 


210 315 

9 4 430 | 218 58 
190 | 102 307 

410 | 210 568 


695 | 296 

141 366 | 176 460 
263 687 
139 360 

258 680 

136 «©6352 

: 54 670 

37 118 134 346 

660 


: (1) Total radiation = —_ at sea level) (1 + 0. ae x 
sea level) (1 + 0.00925 X El.). Correction for cloudiness (approximate) : Mins fr ryteny — min) el. 73 in w 
# is the fraction of time the weather is clear. % Gram calories per square centimeter. ¢ “Visible” = radiation 


— 
— 
Degree 
244 
46 
265 
158 
269 
284 730 | 284 738 | 282 
284 730 | 284 738 | 
285 
286 734 | 392 | 173 
738 | 290 7 76 
in 187 206 768 2 
sol Boe 200 744 | 206 768 
290 744 | 296 772 178 
— max 14 657 290 743 297 7 Ts 
max 250 650 288 741 | 208 776 | 
At max 630 | 286 732 298 (172 
Hin ax | 55 228 | 130 230 114 278 716 298 161 
20 80 | 37 1 156 450 | 50 385 | 175 455 
48 | 70 265 144 371 | 176 
_ in | 10 19 80 153 


LORIZONTAL olisi! 


- August | September bm October | November | December 


vis tot | vis tot vis tot | vis tot 


is tot 
36 238 630 | 252 666 265 «694 | 256 683 | 253 667 | {max — 
137 368 | 167 432 «530 | 202 543 | 195 min 
ti 24 646 | 255. 673 262 «4688 | 251 666 | 249 646 max 
08 288 141 375 | 169 442 5: min 


47 250 657 max 


13 300 255 35 


189 505 
244 628 
183 480 


5 255 238 610 max 
52 176 460 \min 
58 678 2 231 590 
24 320 ‘ 39 1: 
62 688 | 265 690° 9 228 600 | 225 570 max 
99 339 | 158 414 | 176 460 | 196 510 | 181 474 | 176 — 462 162 420 min 
67 700 | 269 700 | 267 697 | 264 691 | 244 640 | 221 585 | 217 550 m 
33 343 161 421 | 176 464 | 193 502 | 176 4 169 446 | 154 400 
72 710 | 273 708 700 | 262 688 | 240 627 | 214 567 | 209 536 
37 354 | 164 429 467 | 189 496 | 170 449 | 162 430 | 146 380 
76 720 | 277 715 703 | 259 684 | 234 } 615 | 206 554 
41 363 167 435 (469 | 185 489 | 164 434 
80 728 280° 723 705 | 256 680 | 229 605 | 
45 375 | 170 442 471 | 180 479 | 157 
84 738 | 282 729 706 | 252 674 | 224 506 | 
48 383 | 172 450 150 400 | 138 370 | 120 320 
36 747 | 285 | 248 668 | 218 582 | 183 500 | 172 460 
‘52 «392 | 173 «454 472 | 170 455 | 143 380 | 128 350 | 110 300 
90 287742 708 
94 288 755 7 
161 178 467 466 
296 759 702 
163 425 469 
296 761 700 
166 472 
207-775 | 289 «763 
430 | 472 448 
9 765 
470 438 
766 36 | ¢ 
464 | 429 | 120 «158 
288 | 258 680 | 203 562 95 «313 | 66 2 
416 | 112 310 | 2484 y 
287 761 670 | 196 547 4 | 84 289 56 244 Searntte 
167 442 | 143 403 | 105 290 | 
285 755 | 250 660 | 189 530 72 263 | 47 218 a 44 aor} 
164 430 389 98 98 | 15 62 
284 «749 650 | 181 512 
161 420 | 134 374 | 90 250. 
410 | 129 35) 
280 733 | 236 625 ie 
155 403 342 ig the 
278 4725 | 232. 615 
153 398 | 120 326 


276 «720 | 224 602 
176 460 150 394 312 


95 75 273° «714 218 587 

40) 148 110 297 36 

204 774 | 270 710 212 575 
46 385 | 106 2 


174 460 


144 380 | 100 270 


ai 
-¢@“Total” = radiation of all wa 
kngths in the solar spectrum. * Value which will not normally be exceeded. / Value based on, o 
ftom, lowest values observed for indicated month and latitude du 
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that may be received during weather with heavy incidence of clouds. These _ 
minimum values reflect graphic interpolations o s of minimum 
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HORIZON 
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TOTAL TIME SUN IS ABOVE THE 
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NEW ORLEANS 
JERUSALEM 
SAN FRANCISCO 
EDMONTON 
MOSCOW 

> 


PHOENIX 


— 


a 


‘eer 


— 
| a P — 
rood for which it is list 
— 
in Weather inimum values 
observations repor Ithough these min of the stations 
52, inclusive. Thus, a is little chance that “ 
ig the most cloudy days of record, appreciably lower. are 


ae 


a~ 


4 


re 


corrections are made for elevation and cloudiness in ‘the manner 
a at the bottom of Table 2, values of visible radiation obtained from the 
table may be used as a quantitative measure of the energy available for photo- — shy 
_ synthesis—that is, as values of S to be used in Eq. 6, Eq. 8, or Eq. 9. = 


_ Table 2 may also be used in connection with Fig. 4 in order to estimate a 
value of I; to be substituted 1 in Eq. 12 to determine an approximate value of - 


mean n light intensity at a ‘opelat for the ¢ entire twenty-four hour ir period of a day 

_ is about ten times the total insolation expressed in langleys per day, multiplied | 

by the fraction of the time the sun is visible. A value so estimated is altered | 
by many variable factors and is not subject to precise evaluation. | However, 
this method is relatively accurate for determining the average light intensity — 
during a period of time and d may be used for the estimation of J; by the following © 


The necessary corrections are made for rom 
3. The resulting value is multiplied by 10. 
iy 4. One evaluates I; for use in Eq. 12 by multiplyi ing the result of step 3 by 
the fraction of time the sun is visible for the ‘appropriate latitude and month as Ss 


‘For: example, following the foregoing steps a station at latitude 37°, El. 2000, — 
_ with clear weather 50% of the time may have a mean light intensity in commen 
ber of approximately 870 ft-c on a horizontal surface oe ouplex, aa 


.—The writers!® have evidence indicating 


= 


_ that the species of algae: which are effective in photosynthetic oxygen production 
_ utilize ammonia as the principal source of nitrogen with which to build their | 7 

- proteinaceous cell material. At moderately long detention periods 0 of 3 days or 
4 days when temperature a and light | are , optimum, almost all the available am- » 
- monia nitrogen appears in the form of algal cell material. In this way nitrogen | 
is conserved and at the same time the ultimate oxygen d demand of a waste — 
material is greatly diminished because little ammonia remains to be oxidized 


_Under some conditions, Supernatant analyses: show the ‘Presence of reduced 


nitrogenous compounds. Although there can occur a ‘sn nall carr ry-over 0 of 
q ae unoxidized during the short detention periods normally effective in the 
process, the quantity of these compounds increases with i increasing detention 
a periods ; this fact indicates that a small amount of inseparable organic matter 
= is produced i in the » process. A portion of the nitrogenous material is fixed in 
living bacterial cells, which are dispersed as colloids and are discharged in 4 
Supernatant liquid. Whatever the nature of this supernatant nitrogen, 


ss “Algae Symbiosis in Oxidation Ponds. III. Photosynthetic Oxygenation,” by Ww. J. Oswald, H. B. 
Gotaas, H and V. Lynch, and Industrial 25, 1953, p. 692. | ous 
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‘The 1e nitrogen content of a waste material places a practical upper limit. on 
the concentration of cell material which can be developed from it. A useful 
rule-of-thumb relationship between sewage nitrogen and growing algae is that’ 4 

q -=10XN, in which C, (the maximum algal cell concentration) and N 
_ (nitrogen) are expressed in the same units. The constant 10 stems from the _ 
_ assumption that 8 80% of the nitrogen i in the waste is recovered and that algal 
cells are 8% nitrogen. For example, it has been observed that a waste material _ 
containing 30 ppm of total nitrogen will support 0.8 X 30/0.08 = 300 ppm of 
cells before nitrogen becomes a limiting factor to cell growth. 
_ Phosphorus. —Phosphorus rarely becomes a limiting factor to »y algal g growth 
_ in sewage. _ The best information now available indicates that phosphorus does _ 
‘ _ ‘hot normally exceed 1.5% of the dry weight « of algae. In this case a ty pical 
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Fic. 5.—Errecr or B.O.D. ow THE CoNCENTRATION OF ALGAL 


6 ppm or more of phosphorus would sustain an algal 

tration of 400 ppm or more if all the phosphorus were available. Increased use 

_ of detergents in the home and in industries makes it unlikely that either phos- 

_ phorus or nitrogen (both components of detergents) will be limiting factors in 

nutritional makeup of domestic sewage. 

Magnesium and Potassium. —Both magnesium and potassium are essential 
algal growth. . Magnesium i is essential because it is an integral part of the | . 
a chlorophyll molecule, and potassium because salts of this metal are prime cone " 

-_ stituents of algal cell sap. Normally domestic sewage contains more than 5 _ ‘ 

ppm of both these elements. "Since algal cells may contain 0.5% potassium Be 


1% magnesium, it it can be concluded that if elements are are fully avail- 
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“able domestic sewage contains in n sufficient to support algal 
concentrations inexcessof 500 ppm. 
aud Carbon. —Carbon is usually the limiting element when algae are cultured — 


sewage age. Howev er, the use of artificially introduced carbon is neither essential 


nor desirable when algae are cultured in sewage for purposes of photosynthetic 

fm production of oxygen. Although the amount of carbon contained in sewage 
_may be inadequate to produce growths large enough to meet the oxygen d de- . 

mand of the waste, the culture may also obtain carbon dioxide from the air. 

_ Active photosynthesis causes the pH to increase to 10 or more, accelerating the 

absorption of atmospheric CO: by the culture. Under such conditions this 

, CO: appears in the solution as a bicarbonate ion and becomes available to the 

- algae at once. From this fact it is seen that algae may compensate for a 

shortage of CO: by increasing the CO. absorbing properties of the solution i in 

Biochemical Oxygen Demand.—The B.O.D. test is unique in its significance b 

as a measure of the response of microbial growth to the nutritional character 

of wastes. Fig. 5 shows the effect of the B.O.D. of a sew wage on the algal growth 
a it will support. It is noteworthy that in continuous cultures such as those — 
_ reported i in Fig. 5 the dry weight of algal cell material appears to be a logarith- 

mi mic function of B.O.D. up to approximately 400 ppm. Evidence indicates — 
that for B.O.D.-values greater than 300 ppm light rather than nutrition is — 

normally limiting to outdoor algal growth. The effect of increasing light 


intensity above that shown for the tests in Fig. 5 would be to increase culture 
_ density slightly. However, the shape of the curve would remain similar. aati 


sewage w ill support enough algal growth to produce its oxygen requirements by 


1 ai Detention Period.—Inasmuch as the detention period, D, as shown in Eq. 9 


is a function of light and temperature, theoretically it should be capable of 
greater variation than i is possible i in practical pond design. For example, 
- to apply Eq. 9 to a sewage having : a B. .O.D. of 150 ppm under December condi- 
tions at latitude 37°, it may be assumed that p = 1.5, h = 6.0, d = 30 cm, 
= 0.1, 1, and T. = 0. 87. ‘From Table 2, 8 (min) may be taken as 34 langleys 
rday. Using these values it is computed | that a detention period of nearly 6 7 - 
- days might be required for complete sewage treatment. In the summertime | : 
b the efficiency of a pond designed for such a detention naled would become very 
low. Ww ithout proper variations in operating procedures the result could be 
- overproduction of algae, a part of which might die and be decomposed, thus - 
P producing a pond effluent having a a high supernatant B.O. D. On the e other hand, — 
if a a pond were designed for the same location on the basis of June light and 
__ temperature conditions using S (average) = 234, T. = 1.0, and other factors | 
remaining the same, from Eq. 9 a detention period of only 0.77 day i is deter- 
mined. Pilot-plant units have been successfully operated at detention periods — 
_as low as 0.75 day for sustained periods with otherwise optimum environmental — 


- conditions, and chlorella as well as other algae easily maintain a rate of growth 
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PHOTOSYNTHESIS 
\eaficient | to ere being diluted ou out of the pond under these c conditions. 
However, it has been found from pilot-plant experience that cultures cannot 
_ withstand either low temperatures: or & long | succession of cloudy days at this 
low detention pe period without some nuisances occurring. Hence, if a pond 
were to be designed for the June conditions previously stated, it would be better 
; - _ to increase the detention period and the pond depth. For the stated June 
- eonditions of light and temperature the depth, d, determined from Eq. 12 is 
‘ increased to 48 cm, in which case the detention period determined from Eq. 9 
- would become 1.25 days, a value more in keeping with the growth —? 
organisms under varying ou 
tion period suitable for effective photosynthetic oxygen production i in nel 
a winter and summer and with “buffer capacity” against changes in light and 
temperature and against shock are necessary. 
In some cases it might be feasible to design with the expectation that only — 
about 50% of the B.O.D. would be removed by the process in winter when, — 
_ because of low temperatures and higher stream flow, complete treatment should | 


7 4 not be necessary. It would be unnecessary to produce oxygen photosynthet- ‘ 
ically when the temperature was too low for a high rate of bacterial oxidation. 
In general, it may be concluded that for most conditions detention periods 
should not be less than 1 day for summer conditions nor more than 6 days for _ 
winter conditions. A pond having a detention period of about 3 days and a 
4 depth of 12 in. should, for example, satisfactorily produce adequate oxygen by 
_ photosynthesis more than 80% of the time in latitudes up to 40° north, provid- | 
‘ ing that continuous freezing conditions do not prevail. Under summer reerall 


= —dAs previously shown by Eq. 12, the depth of a pond depentis ons 
_ — light intensity for effective photosynthetic oxygen production | as well as on 


light absorption and algal cell concentration. _ From Eq. 9 it may be observed 

| that computed depth varies greatly with both the cell concentration, C,, and 
the sewage strength, Ll. Strong wastes requiring dense algal growths must 
therefore be treated in . relatively shallow ponds whereas weak domestic sew age 

} may be processed at larger depths. The appropriate depth required for treat- | 

: ing a parti ticular sewage may be computed : as illustrated i in the following example. : 


4 page| that the sewage has a B. 0. D. of 125 p ppm, p is 1.25, I; has an mean 


| 


d= 000/100 = 60 cm, or approximately 2 ft. 


wv. below this value would presumably be in darkness 


not subject to photosynthetic oxygenation. If : a waste material with a 


4 penetration o of less than 3 in. would have been determined. Economic utiliza-— ; 
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‘tion of land, pond-construction costs, mixing methods, and similar factors place __ 
a practical lower limit on the depth of the pond and a practical upper limit on — 
concentration of wastes. For instance, wastes of B.O.D. greater than 300 
result in computed depths so shallow that | areas become very ry largee 
Tn such cases vertical mixing or primary dilution should be considered as alter- _ 
cv" _ Deposition of Sludge. —Rapid oxidation of organic matter in a pond acceler- 
ates the deposition of sludge, which may become so dense near the pond inlet as — 
to include more than 50% of the influent organic matter. Such sludging has — 
_ been observed in oxidation ponds of all types, especially in those having only a | 
few inlets. Small ponds and long narrow ones are more subject to this difficulty _ 
_ than are large ponds or broad ponds, indicating that wind mixing is beneficial — 
in the open structures. These anaerobic sludge deposits tend to exclude light, — 
retain nutrients needed by the algae in the liquid, and, hence, decrease permissi- _ 
ble pond depth. Suggestions for combating sludging by proper design con- tt” 
‘siderations include reduction of depth, increasing dilution factor, distributing + 
the load by multiple inlets, orientation of the pond to obtain wind mixing, and “— 
producing turbulence by vertical mixing, = j= 
- _ Ifa Type 2 pond is to be maintained aerobic by photosynthetic oxygen pro- = 
- duction despite sludge deposition, it must be kept shallow so that light pene- _ 
— trates a poe“ large portion of the volume, or some form of vertical mixing _ 
7 ‘must be used. Present evidence indicates that vertical mixing is particularly rh 
desirable if algal cell recovery is to be practiced. In this case maximum algal 
- growth is encouraged because the products of bacterial oxidation are made uni- 
- formly available to the algae i in the light. It is probable tl that some artificial i 
vertical mixing must be considered an eel feature for Type 2 oxidation — 
: ponds. Mixing, however, must not be prolonged because the resultant increase a 
in turbidity decreases light penetration, hindering photosynthesis. hee: 
Recirculation. —Pilot-plant studies have indicated that recirculation is im- 
portant to photosynthetic oxygen production because it permits seeding of _ 
influent sewage with algal cells ells and brings abundant oxygen into it. In other 
words, recirculation produces good overlapping of bacterial oxidation and of 2 
_ photosynthetic reduction, thereby preventing loss of CO. and ammonia from the | 
_ bacterial phase and providing an efficient outlet for the oxygen liberated by — a) 
algal growth.” This overlapping produces more abundant growths of bacteria a 
and would produce more abundant growths of algae were it not for the problem __ 
of sludge deposition. Algae t tend to remain dispersed i in the solution whereas 
bacteria tend to form a floc which, together with coagulated sewage colloids 
7 containing a large _ of the carbon and nitrogen, settles quite rapidly to the Fe 
— bottom of the pond. Some recirculation accelerates sludge deposition with the 
‘accompanying possibility of anaerobic conditions in the sludge layer as well as 
. the withholding of nutrients from the algae in the liquid. Because the principal — 
7 _ benefits of recirculation are seeding and aeration of the influent, it is possible 
that these benefits may be duplicated by increasing the uniformity of load dis- -_ 


tribution together with a low rate of recirculation to accomplish seeding. _ ia 


Retention of Sludge.— —If continuous vertical mixing is used some 


sludge may may be ‘carried into the pond effluent. This ‘material may be readily 
; — from the algal — by sedimentation and returned to the pond. 
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if intermitterit vertical p mixing is used, carry-over of sludge 2 may be prevented a 
_ by interrupting the discharge of effluent during and shortly after the mixing _ 
of period. © _ In either case, retention of sludge is advantageous b because it allows — 
more complete oxidation of the organic matter, resulting in increased algal 
« -_: and improved removal of suspended solids other than algae. at 
The ! Need for Paving. —Sev eral factors suggest the possibility that | there a av 
‘ Pe important advantages gained by lining oxidation pon nds of Typ pe 2. Any” 
- form of vertical mixing considered essential for raising precipitated sludge sedis 
4 increasing light utilization might cause undue turbidity in unpaved ponds. ” 
The result would be reduction if not termination of photosynthesis.  Further- | 
_ more, unpaved ponds designed to make full use of winter sunlight might have | 
excess light at the bottom in the summer, 8 factor which would probably bet 
courage: grow th of water weeds such as tule. i age 
_ Asphaltic or rubber membranes sprayed over shaped and compacted earth 
_ appear to be an economic type of pond lining. Sealed asphaltic concrete or 


thin reinforced concrete would have the advantage of durability and low main- | 


—- tenance. The possibility of application of commercially manufactured <0 
formed channels of plastic or aluminum should not be overlooked. The design — 
and fabrication of economical pond linings does not appear to be a ‘difficult: . 
-etni problem because the indicated pond size of nearly one-half acre per _ 
_ thousand population is not prohibitively large. The decision on linings de- ‘oll 
peel on the value of photosynthate i in the sewage treatment process. in 
Disposal of Algae. —In the process of producing controlled quantities of 
4 oxygen for bacterial stabilization of waste, the concentration of algae produced ie 
in moderately strong domestic sewage (200 ppm B. 0.D.) may attain levels in pt 

excess of 300 ppm, dry weight. Two questions immediately | arise: (1) If algae | 
are discharged with the pond effluent, what is the effect on a receiving body of © 

water; and (2) can these algae be economically separated from the effluent? ai 

4 In qnewer to the first question, it should be noted that there is a limit to the — 
concentration of algae that can survive in any body of water for a sustained a | 
period of time. Algal: cells are living organic matter which may grow, vegetate, { 
or die. If the cells grow they will produce oxy gen. . If they segatate they will , a 
= have a small but finite continuous oxygen demand. (For sewage-grown algae i 
a by Warburg measurement, this usually is about one- -tenth the ash-free dry 
weight of cells. per day at 25° C. ) if they | die they w rill be decomposed like any 
other organic matter. Which of these three possible avenues the cells will first . 
take depends on the environment in the receiving water. As discussed by the — 

4 writers in an earlier paper,’ if the receiving water contains nutrients | indicat- 
ing pollution) and light, the cells will grow and divide, thus producing oxygen. — 
a If there is light but few nutrients, the cells will vegetate for long periods of time 
4 producing little objectionable pollution in a stream. Cultures of algae having e 

a concentrations of 200 ppm or 300 ppm have been held for three months without 
_putrefaction as long as light and access to atmospheric CO, are afforded. Ulti- 4 


_ mately, however, the cells will settle to the bottom. In the dark, algae remain it 
_ alive for a length of time, which is principally a function of temperature. - Algal Z ] 
\ 


by H. F. Ludwig, | W. J. Oswald, H. B. V. Sewage and Industrial Wastes, Vol. 195i, 


lgae Sym yes in Oxidation Ponds. I. Growth Characteristics of E. gracilis Cultured in Sewage,” 
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‘eels will in dark for 2 weeks at temperatures near freezing but will 
die and be decomposed in a few days in the dark at temperatures above 25° C. 
Tt may be concluded that living algal cells will do little pollutional damage to 


— waters unless their concentration is so nt that their yo 


an Economical separation of algal cells is a highly important aspect of 
- general use of photosynthesis i in sewage treatment. At least two systematic 
7 — investigations have been conducted recently on algal separation, and three proc- 
¢ esses have been demonstrated to be technically effective. Two of these proc- 

esses, centrifugal separation and alum coagulation, have been partly investi- 
gated by the writers and other methods are scheduled for investigation. E.W. 
‘Steele, M. ASCE, and E. F. Gloyna, A. M. ASCE,! performed a series s of in- 
vestigations on ‘screening and filtering devices’ for separating algae. These 
| showed rather conclusively that separation of algae is a difficult and costly 


_ procedure which may require extensive research and development before the 
most economical procedures a1 are established. rp 


relatively of the algae i in the liquid. “There 
- fore, some level of algal concentration may be attained which will pay for i 


cost of harvesting, and some higher concentration might support the entire 


pr: Algal Yields.- —Pilot-plant observations summarized in Fig. 6 show that the 


rig 


: rate of algal yield may vary from. 1 ton per 8 acre per ‘month i in the winter to 5 
t 


tons per acre. In order to visualize such yields, it is useful to compare yields — 
of algae’ to field crop yields. During 1953 the average field crop yield in 
California was less than 1.5 tons dry weight per acre per year. Thus, the rate 
of yield attained i in the pilot plant was twenty times the agricultural average. 
‘Wena actual annual » yield of algae ‘may be expec ted to vary strongly with light 
“and temperature and, hence, with geographical a 


= 2; D. Removal. —The operation of an oxidation pees to produce m maximum — 
9 


in terms of B.O.D. removal. Data from shown in 

Table 3 demonstrate that effluents of the quality desired in sewage treatment 

may be produced. It i is believed that samples 2, . and 4 would have exerted © 
much less B.O.D. in a stream than is indicated from the data because the - 


residual algae would have continued to produce some oxygen following dis- 
charge. 


7 the. Coliform Removals.—In laboratory and pilot-plant | tests no reduction in 


coliform organisms other than normal die- -away has been 1 noted, except in cere . 


“rad 18 “Oxidation Ponde-Radioactivity Uptake and Algae Concentration,” by E. W. Steele and E. 7 


5 Gloyna, Technical R. No. 1, AECU-! 2837, U. 8. Atomic Energy Commission, Technical Information 
Service, Oak Ridge, Tenn., 1954. 
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tain light-saturated cultures. In these cultures it is oiichaihite that theg goruiicl- 
dal effect of natural sunlight was responsible. In other words, no specific — 
- _anticoliform activity can be credited to the algae produced in the cultures — 


—— _ These findings were supported by inoculating with human intestinal | 


ht, in tons per 


ry weig 

| 


Fic. 6.—Eerm: ATED MONTHLY YIELDS or Domestic 


The fact that the coliform organisms were found to grow abundantly i in this 

“4 medium indicates that no specific anticoliform substance was present in the — 
tested. It It should be: noted that, if an separation procedure 

@ aa ‘TABLE 3.—TypicaL VALUES FoR B. 0. D. as A Funcrion 


pte B.O.D., in parts Percentage ° 


Laboratory centrifugi 10 
ng 
min at 500 times gravity 


Coagulation (followed by 30 96 rat 
7 is used to remove algae, , extensive removal of coliform as well as other bacteria RA 


Odors. —During the two years of operation of the pilot plants under proper 


_ 4 conditions no odors have been observed, , with the exception of a faint grassy 7 
odor which is a characteristic of the process. These observations include the 


9 
: 
— 

1 | 
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“all-night periods during which | the pond was ‘undergoing high loadings. When 
the ponds were overloaded in a deliberate rete to break down the photo- 


= 


"process of green ‘algal be a “contaminant. Chemical 
: contaminants are those materials which may occur in sewage and are specifically a 
Ss to algae. Although this factor has not been studied directly, indirect — 
evidence indicates that such chemicals normally do not attain high enough 
concentrations in sewage to destroy the algal population, 
3 bot Blue-green algae, some of which are toxic to animals, could conceivably ruin ; = 
: the algal cell material as a useful food product. There i is little evidence of any 
tendency for blue-green algae to grow in fresh domestic sewage. In two years 
“of open-air pilot-plant operation, blue-green algae have appeared only in 
_ The principal contaminants found in pilot-plant studies were green algae of 
the genus chlamydo: domonas. _ These organisms grow swiftly, covering the pond _ 
2 surface with a foamy sc’ scum in 1 or 2 days. This scum prevents light from reach- 
ing underlying strata and, hence, interrupts oxygen production. Fortunately, — 
_ chlamydomonas blooms are of short duration and the organisms are easily 
from the e pond surface by means of wind or jet skimming. p Adval 


— 


in minute concentrations. Thus, green algae have great potential as agents of 
reclamation. For example, in growth-unit experiments algae growing in sewage 
were supplied a small excess of carbon dioxide. As a result, all but a trace of : 
ammonia nitrogen was incorporated in algal cell material. If a culture is sup-— 

_ plied air containing 0.03% CO:, from 60% to 80% « of the sewage nitrogen i is 

0 fixed in algal cell material within a few days. Similar reclamation of other 

eritical elements occurs. home facts indicate that photosynthesis for waste 


usefulness as a sewage treatment | process. ‘This: may further understood 
_ when it is considered that sewage is not truly a waste. Derived from the most. 
nutritive photosynthate harvested f from the land, sewage contains the low | 
energy forms of every element critical to life. "Nitrogen might be cited as a 
typical example. Nitrogen is essential in the human body and yet if a daily 
- nitrogen balance were made on a normal human subject, it would be difficult to — 
~ demonstrate any significant ‘utilization of 1 nitrogen ‘because the amount ex- 
_ ereted would be found to be almost identical to the amount consumed. Only 
_ the form and energy level of the nitrogenous compounds would be changed. A : 


Living animals are thus in dynamic equilibrium with their environment, 
the amounts of critical elements permanently affixed i in their bodies are negligi- | 
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‘during t their lifetime. fi ‘Thus excreted, organic matter has undergone] little m more 


; 4s than a redu ction i in its chemical energy content, and it would bes 


Mention should be made also of some . the possibilities of this presess for 
water reclamation. _ For r example, the quantity of water required to produce a 
= pound of protein by this process can be computed to be less than 1/100th of © 


that required to produce a pound of protein by conventional agricultural a ™_ 


methods. _ This difference is mainly due to the relatively high photosynthetic 7 
_ efficiency of the process. When coagulation i is used for algae removal, efflu- a 
ents are of high quality and there does not appear to be any technical reason 
_ why they could not directly supplement a water supply if first processed | by sand 4 
filtration and chlorination. od? Of ni 
Algae as Food and Raw Material.—Results of investigations® have indicated a 
_ the value of algae as a food and as a source of industrial raw materials. Sew- 
- age-grown algae have been fed satisfactorily to a number of animals with no 4 
_ evidence of toxic effects. One group of chicks received dried sewage-grown a4 
algae as their sole source of protein. Gain in live weight of these chicks average _ 
- 4. 2% per - day. ‘This n may be compared with a maximum gain for chicks of 7 
~ approximately 8% per day obtained with a protein mixture considered ideal. — 
From this, as compared with vegetable protein, the value of sewage grown ralgae 
as a chicken feed supplement should be approximately | $100 perton. 
i In tropical areas of the world, which receive much solar energy but which 
2 lack fixed nitrogen and other essential elements for food production, it is — 
_ possible that the photosynthetic process could be applied to recycle these ele-— 
_ The fuel characteristics of dry algae are similar to those of | medium-grade_ 
4 bituminous coal | although their heat content is is somewhat less, ranging up to 
10,000 BTU per pound. For a few more years, however, the food value of dry a 
algae will probably be ite greatest economic value. 1: 
The high protein content—more than 50% not the only important 
quality of algae. Algae may may become an important source of vitamins, or of 
starting products for organic | synthesis, or as organic collectors of elements such 
@s germanium, which algae concentrate. gt Exploration. of these possibilities has 
been seriously restricted by a lack of algae with which to experiment. «At is. 
possible that one or more of these uses could at once make sewage treatment a 
by photosynthesis an economically feasible process. at: q 
a Plant Costs. .—No attempt will be made to present detailed estimates of the 
cost te to build and operate a plant to treat sewage by photosynthetic oxy ‘gena- 4 
tl tion. The cost of each plant where the process might | be used must be evalu- = 
; 4 ated specifically i in accordance with the design principles set forth. It does 
. ‘ appear that the total cost for a plant to grow algae would be be less than ‘that for 


le 


- conventional secondary treatment when the cost of land i is not excessively high. ; 


q to 1.5 tons of algae that can be ; grown per million gallons of sewage might a | 
4 the actual cost | much 1 below th: that of | conventional 1 treatment because of the value 
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“fy Oxidation ponds are classified in accordance with the principal source of 
oxygen. . Ty pe 2 ponds in in which | “oxygen is produced essentially by “photosyn~ 
thesis can be much smaller than p ponds of Type 1 in which the necessary ee 
_ is supplied primarily by surface aeration, ap 
a = Basic rational formulations for pond detention periods and pond depths are 
derived by ‘utilizing the law of conservation of energy together with solar energy - 
data and data on the light-transmitting characteristics of algal cultures. The . ‘ 
_ application of these formulations to design of Type 2 ponds is illustrated and 
discussed. design n criteria are correctly applied, photosynthetic oxy- 
genation will result in sewage treatment equivalent to complete treatment mh, 
Successful technical design of a plant for the photosy nthetic 
process requires consideration of the influences of such variables of light, tem- + 
and s sewage: quality o1 on bacterial and algal growth 


growth their effects can be conveniently incorporated into design equations as 
coefficients. No firm value can be assigned to the over-all photosynthetic | 
i efficiency because of the , modifying effects of f environmental factors which are 
_ largely unknown. For the present, a value approaching 0.1 can be attained in | 
experimental work whereas values exceeding 0.20 do not appear likely because ; La 
of the limited ability of algae to utilize light of high intensity. BAGH al 
Before photosynthetic oxygen production in Type 2 ponds can attain its 
- maximum potential as a practical form of sewage treatment, economical meth- — 
ods for algal separation must be further evaluated, developed, ari = 
The ‘technical feasibility of photosynthetic in sewage 
be considered an accomplished fact. The reclamation of animal food - ‘ 
from sewage in the form of algae appears highly promising, but practical attain- 
ment will be deterred pending further investigation of separation procedures. 


More studies: of photosynthetic | efficiency, separation of “algae from cultures, 


and of other factors are necessar ;—particularly of the value of the algal cell a 
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qos IsaDoRE A. aM. ASCE. —In the decade much interest has 


= ments, and a result of construction and operating costs 
= for conventionally designed sewage treatment works, the use of oxidation 
ag ‘ponds has been presented as a means of attaining a high degree of treatment _ 
at low cost. The use of oxidation ponds for the treatment of sewage has now - 
4 become extensive, particularly throughout the southwest and far west regions 4 
ot of the United States; yet only few empirical data are available for their design. — 7 
_ The authors have presented basic data on the role of photosynthesis i in sewage v] 
treatment. ‘Much remains to be clarified before the fundamental data avail- 
4 able through the study of phytoplankton can be used for the realistic design | 


of a sewage treatment plant. (69 @ 
Until this work is complete, frequently used deviations from the present 
ene data, ‘such as organic loadings of 50 lb of B.O.D. per acre of surface — 
area per day, minimum depths of from 3 ft to 4 ft, and minimum detention 
_ periods of 30 days, must be viewed with caution. This attitude should not 
_ discourage any community from including in the pond arrangement such — 
flexibility that these characteristics might be varied in the interest of obtaining — 
pertinent data, for the area and waste involved, upon which to base extensions — 
a” ‘The authors have divided oxidation ponds into two rather artificial classifica-_ 
q tions: Type 1 ponds are those which, by the authors’ definition, obtain the 
oxygen necessary for waste stabilization through surface reaeration and have 
detention periods of from at least three weeks to six weeks. ie pe 2 ponds» 
7 are those which have detention periods 0 of less than one week and which are © 
highly dependent on for oxygen. T he is 


photosynthesis when conditions are favorable. A brief ‘analysis of the situation. 
eee that photosynthesis, or causes other than surface reneration, : 
_ ‘must be responsible for the stabilization | which takes place in the many hun- 
«a ew of oxidation ponds now in use in the southwest and Ww rhich are al 
a by the authors as Type 1 ponds. The rate at which oxygen is 
from the to a “water through the air-water 
y on the extent of the dis- 
gen deficit in the If the water is or supersaturated 
_ with oxygen, there is no net transfer of oxygen from ‘ the atmosphere and indeed — 
_ there may be be : a loss of oxygen | from the water to ai air. The e upper r 12 in. or 
more of conv entionally designed ponds | are frequently rupereaturated with 
OXY gen only for short periods, principally during hours of darkness, and have _ 
gen concentrations: appreciably below saturation. ty pical example ‘of 


- such variation is pictured by D. F. Smallhorst, B. N. Walton, and Jack Myers.” — “oy 


Bh, 1 Senior Ww ater Pollution Control Engr., San Diego Regional Water Pollution Control Board, = 
Diego, Calif. 


Use of Oxidation Ponds i in Bewage by D.F F. Smalthorst, B. N. Walton, and Jack 
_ Myers, Manual for miata Plant Operators, Texas Water & Gowage Works Assn., 1955, Chapter XIII. j 
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The amount of oxygen which may be transferred theongh:' the ‘air- -water inter- 
face is limited by the characteristics of the pond itself. For example, Karl © 
Imhoff and G. M. Fair® state that for ponds approximately 3 ft in depth the 
rate of reaeration from the atmosphere at 100% oxygen deficit is 13 lb * ae 
oxy gen per acre of surface area per day. This condition rarely exists,andfor 
the more realistic mean limiting condition of a 20% oxygen deficit in ponds 
"designed for loadings of 50 lb of B.O.D. per acre of surface area per day, the © oi 
‘atmosphere would supply 3 lb of oxygen per acre per day. It is quite evident 
that a deficit of 47 lb of oxygen per acre per day would exist, together with an Be 
_ extremely offensive anaerobic condition, unless oxygen for aerobic microbial 
action were supplied by other means. — Experiences in southern California aand — — 
_ Texas have shown that at the 50-lb B.O.D. loading oxygen ‘concentrations ~. 
the ponds are extremely favorable throughout the year. 


area, depth plays an important part: in the operation of 
an oxidation pond. It is necessary to maintain at least 3 ft of water in the 7 
pond in order to avoid the growth of nuisance vegetation. Messrs. srs. Smallhorst, 
W alton, yn, and Mye ers” ® have pointed out that temperatures in very shallow __ 
_ ponds may become too high during the summer to permit the growth of algae 
as chlorella. Depth through the larger-volume plant also 
retention of greater quantities of oxygen during g periods of s 
_ Although the bottom layers may be anaerobic in deeper ponds, this factor may ~ 
_ contribute to the over-all reduction of B.O.D. which occurs. Otherwise all 
the carbon dioxide produced by aerobic bacteria from the organic matter in 
the waste might be used by the algae in the resynthesis of organic matter. In- — 
_ ereased depths also permit the rapid dispersion of the incoming waste, thus 
avoiding shock loading effects and minimizing the resuspension of solids from 
Recirculation has been found to have a distinctly salutary effect on the — 
‘operation | of both ponds and the entire sewage treatment plant. Offensive — 
ee odors surrounding some treatment works have been entirely controlled by the 
recirculation of pond effluent. Where the sewage is given some secondary 
_ treatment before it is discharged to the pond, the secondary units have been 
found to function with fewer problems when recirculation is practiced. ‘The 


a the authors will withstand the intermittent high loadings that occur ates 
some form of recirculation is practiced or the ponds are merely used as a final — Lae 
treatment following secondary treatment. 

_ The amount of recirculation to be used has never been determined except . 
by trial-and-error methods. Messrs. Smallhorst, Walton, and Myers*® have © 
recommended that provisions for recirculation of the effluent be included in 

- ~Plants utilizing oxidation ponds and that recirculation ratios of from 15% to _ 
50% should prove satisfactory. The wv writer believes, based on his experience, 4 
that recirculation ratios of at least one part pond effluent to two parts of - 


‘Sewage fi flow y should be ‘provided and should be for recirculation, 
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‘Most important effect of recirculation 1s to reduce the shock loading of high- 

7 _ The writer has observed the operation of many oxidation ponds in southern 
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where primary effluent is discharged it appears 
_ likely that the amount of or necessity for recirculation depends on the initial 
_ Aerobic bacteria are necessary inhabitants of oxidation ponds because it is a 
by their action that organic 1 matter in the wastes is destroye ed or converted to 
— carbon dioxide to be used by the phytoplankton. Algae have been cultivated 
in synthetic media without the presence of bacteria and extraneous organic 
substances. Because coliform organisms, and presumably "pathogens, 
shown marked reductions in numbers in. passage through oxidation ponds, 
has been postulated that some antibiotic or toxic substance may be bran oe 
f by the algae. ) However, as indicated by the authors, no such change her 
than the normal die-off expected on storage has been observed in 1 their experi-_ 
ments. The writer has found significant coliform densities in ponds with © : 
7 € detention pordotle of from 10 to 15 days. Effluents from ponds with 30 days 
or more of detention are found to have bacterial reductions to null 
greater than effluents from the chlorinated sewage treatment plant. Because 
7 A the use of chlorination in small sewage treatment works is usually quite ineffec- — 
. J tive due e to insufficient operation and maintenance, oxidation ‘ponds have been 
used to ) produce bacterially safe effluents. For ponds having short detention 
4 periods, it will be necessary to provide some means of chemical disinfection — 
until more information is available on any bacterial hazards. « However, vir- 
“tually nothing is known about the disinfection of pond effluents. aay ‘Wath TA 
_ Several preliminary tests have been conducted by the writer on n the. chlorine | 
requidémente of oxidation- pond effluents. The effluents have had low chlorine { 
requirements of from 2 ppm to 3 ppm. — The coliform population was rapidly - 
reduced to extremely low values on chlorination in this range. _ The effect on ga 
¥ the algae was undetermined, but they also may have been destroyed. If so, 


chlorination may decrease some of the pond effectiveness. 


aaa The authors have stated that there is little tendency for blue-green algae 
% grow in oxidation ponds. The presence of large numbers of blue-green 4 
algae has been reported from Texas. Also, in tl the San Diego (Calif. ) area two 
ponds, thirty miles’ apart, have been afflicted with an almost pure 
. a of blue-green algae of the genus arthrospira. The vegetative cells of — 
.¥ these “organisms | are’ found i in free-floating filaments which are helical i in shape. — 
Apparently, organisms rising to the surface collect in small clumps which then — 
are driven by the wind into pockets where large mats of the arthrospira ac- 
, cumulate. As the surface of the mats putrefies, an extremely: foul, offensive 
Nevertheless, the effluent from these ponds was well treated. Some 
a investigational work has indicated that the growth of these specific algae is 
connected v with the ‘salinity of the ponds involved. The arthrospira have 
previously | been found in ponds of brackish water. Both the infested ponds : 
_ have sodium chloride concentrations of approximately 3,500 ppm; in one case, — 
this was because of saline ground-water infiltration and in the other “oor al 
slough with no outlet was being used asthe pond. 
8 reported in an earlier paper“ the total inorganic solids content of 
: ss sewage ge used for these experiments, ‘conducted at the Sanitary Engineering | 
_ Research Laboratory of the University of California, is quite low «ae are 
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lacking: on ore of ponds in areas where the normal solids content of the 
water is high. It is true that synthetic media for the culture of algae are high + 
. in mineral solids ; however, such media have been carefully prepared to produce e 
: ed There is some evidence” to indicate that relatively small changes i in chloride 7 
concentrations may have definite effects on the cultivation of certain phyto- res 
plankton n. The City of Oceanside (Calif.) has experienced difficulties with an — 
experimental oxidation pond having a surface area of 5 acres. The oxidation - 
_ pond contains between 800 ppm and 1,000 ppm of sodium chloride because of — 
7 the high salinity of the ‘community water supply. 7 _ Many o other factors may be 


* seed chlorella into one of the brackish ponds mentioned earlier v were com- a 
gn R. W. Krauss” has pointed out that much work remains to be done on the 
- total nutrient requirements of algae grown in mass culture and that, even in 
~ complex organic media with large numbers of compounds in solution, it is — 
possible that growth ma may be limited by the absence or unavailability of some 
element. Iron, zinc, copper, molybdenum, manganese, cobalt, and other 
elements are believed to be essential micronutrients for the cultivation of algae. ] 

It is quite conceivable that, despite the heterogeneous makeup of 

some regions, the sewage may be deficient in some element necessary for a 
vigorous, healthy growth of algae, 
a Few data have been found on the effects of insecticide pearvemrenannerrs on the 


mosquito and larvae, oud health departments justifiably that 
insect control be exercised. at bet two | cases with which the writer is 


04 Despite the lack of ens about m many aspects: of the use of an ao 
_ ponds for sewage treatment, they do serve a useful purpose in sanitary en- | 
gineering. _ The limited information has undoubtedly resulted in lower effi- 
cipaly on their effectiveness and their cost for that purpose. The 
= of valuable by-products other than water for agricultural or in-— 
_ dustrial purposes is in an elementary stage of development and does not yet — 
5 ‘merit consideration in the design of oxidation ponds for sewage treatment. ban 
J. Oswatp, A. M. ASCE, anp Harowp B. Goraas,* M. ASCE.— 
Nusbaum’s 1 s remarks concerning conventional oxidation ponds commonly 
used for sewage treatment in the western and southwestern United States 
- regarding any deviation from the present empirical design = - 


= “Relative and Limiting Concentrations of Major Mineral Constituents for the Growth of Algal — _ 
 Flagellates,” by Luigi Pravasoli, V. V. A. and I. J. Pinter, Transactions, New 
of Sciences, II, Vol, 16, 1954, p. 412. 


_#“Nutrient Supply for Large-Scale Algal Cultures, ‘~ by R. W. Krauss, Shei i Monthly, Vol. 80, 


-% Assistant Research Engr., Inst. of Eng. Research, Univ. of California, Berkeley, Calif. 
_ ™ Prof. of San. Eng. Chem., Civ. Eng. Div., Univ. of Gana, Berkeley, Calif. es 
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OSWALD-GOTAAS ON PHOTOSYNTHESIS — 

criteria: Organic loadings of 50 lb of B.O. —_— acre of surface area per day, — 
‘minimum depths of from 3 ft to 4 ft, and minimum detention periods of 30 
days. Actually there has been very little scientific analysis or investigation — 

on which to base these criteria. _ They were proposed 4 and used before Photo- — 
sy mthesis was given particular consideration as a source of oxygen for bacterial 
_ decomposition. The early oxidation ponds were designed on the basis that — 


* ould provide er ats of B.O.D. without the creation of nuisances. 

_ The ponds were designed sufficiently deep to prevent penetration of light a 

bottom, thus inhibiting t the growth of nuisance vegetation. Oxidation 

ponds can be operated over a wide range of conditions and still provide a_ 

The writers indicated two types of oxidation ponds: Type 1, depending 4 


surface aeration as the oxygen source with oxygen from photo-— a 


_ synthesis coincidental but not essential in the maintenance of aerobic condi-— 
"tions, and Type 2, depending primarily. on photosynthetic oxygen sources. 
_ Naturally there is no fine line of demarcation because these types are the wwe 
extremes. Ai As indicated in the paper, long-detention-period oxidation ponds : 
may receive considerable oxygen produced by algae growing near the pond 
~ gurface. _ Mr. Nusbaum’s value of 47 lb of oxygen per acre per day could 
easily have been produced by photosynthesis ; in fact, oxygen is produced at 
many times this rate in Type 2 ponds, _ Although some oxygen may be pro- — 
duced photosynthetically in the conventional pond, it should be emphasized © 
= that the two types of ponds are very different. The conventional Type 1 
- _ ponds: treat the waste at a low rate, requiring a relatively small quantity 
of oxygen per acre ‘and often have sludge deposits on the bottom which 
_ decompose anaerobically. The high-rate Type 2 ponds, however, may 
treat w wastes at ten times the conventional rate, , developing dense algal cul- 
tures v which ‘supply nearly all the oxygen requirements for the maintenance 
of aerobic sonditions throughout. The of oxygenation 


dense cultures of algae to | permit harv reclamation of many of the 
4 Conventional o oxidation ponds designed for a B.O.D. loading of 50 lb per 
acre per day and a 30-day detention period often contain a sludge deposit on 
the bottom which undergoes anaerobic decomposition. Much of the dissolved 
a colloidal organic matter of the sewage is flocculated | and settles to th the 
if aerobic conditions a are ‘maintained i in the u upper part the pond 


the anaerobically. sludge are satisfied aerobically. les 
oxygen is required than if all the organic matter were decomposed soliaiin, 
- If the anaerobic sludge deposits are not too large, odor and nuisance conditions | 
are not ¢ dev eloped because adsorbed atmospheric oxygen and photosynthetic — 


- oxygen in the supernatant may be sufficient to prevent odor nuisances. it 


_ may be seen that the average B.O.D. loading per acre per day i is an inapetrate : 
the of deposition and anaerobic decomposition of 
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OSWALD-GOTAAS ON 
B.O.D. may be greater than the aerobic euidetiegs and the | algal oxygen pro- 
duction may vary widely depending on sunlight and other factors. =| 
Oxidation ponds may be operated with detention periods and loadings 
between those of conventional Type 1 practice and values shown for the 
Type 2, high-rate ponds. The Type 2 pond requires some vertical mixing to 
"keep the sludge, the bacteria, and the algae in close proximity so that the 
_ sludge will be aerobic and the algae can obtain the carbon dioxide and ammonia 
_ released by the bacteria. The writers have been able neither to develop dense 
- algal cultures in deep, long detention period ponds nor to find any conven- — 
_ tionally designed ponds which produce high algal concentrations. There is a 
: valid physical reason for this which was presented as Eq. 12. This equation 7 
shows that algal concentrations exceeding 40 ppm cannot be sustained in 
ponds 3 ft deep. Algal densities greater than 25 ppm are rare in the con- 
ventional pond, compared to densities of from 200 ppm to 350 ppm in the - 
Type 2 pond when ample sunlight and nutrients are available. __ id abnod ssi 
Studies indicate that the Type 2 high-rate ponds will have the greatest 
economic possibilities when high-quality secondary treatment is desired. 

_ Pilot-plant experience indicates that an effluent is produced from which 95% 
to 97% of the B.O.D. has been removed. sjow 
a Mr Nusbaum refers to the desirability of recirculation for overcoming © 
shock | loads on the pond. The operation of the high-rate pond requires re- 
- circulation for seeding the influent waste with algae and adding oxygen initially 
to provide aerobic conditions. | | However, . recirculation is desirable in the 
of any pond. In the Ty pond, the amount of recircu- 


tion and settling of organic matter. of the bacteria and 7 
from the algae which do not settle retards algal growth. 
Reference was made to the die-away or removal of. ieeliform bacteria in 
high-rate oxidation ponds. If the algae are chemically coagulated and pre- 
 cipitated, practically all the coliform organisms are removed to the sludge, — 
and the effluent may be ‘satisfactorily filtered through rapid sand filter. 
_Many observations of the change in coliform densities in the high-rate oxida- 
tion ponds have shown that the most probable number decreases from 10’ or 
: 10° in the sewage to between 10? and 10¢ in the pond effluent. The va ariation 
between 10? and 10* is affected by the detention period and the depth. Ponds — 
_ of shallow depths and longer detention periods i in intense sunlight show lower — 
“coliform counts in the effluent. aids dguods: weve boot! 
_ Mr. Nusbaum indicated that oxidation ponds have low chlorine require» 
ments of 2 ppm to 3 ppm. The writers have found that the effluents from 
Type 2 ponds have a high chlorine demand due to their high : algal concentra-_ 
tion. | They have also found that the effluent from Type 2 ponds, after har- 
q vesting the algae, has a very low demand. This indicates, therefore, that — 
the pond effluents referred to by Mr. Nusbaum contained very few algae, 
and hence probably obtained little oxygen from photosynthesis. = 8 
writers are unable to answer completely the question of blue-green 
algal development in long-detention-period. ponds and the lack of such de- 
: velopment i in high-rate ponds. 19 There are several factors which may infinince y 
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‘OSWALD-GOTAAS ON: PHOTOSYNTHESIS 
the ‘development of the blue-green algae. First » blue-green algae seem 
grow better in partly ‘nitrified sewage than do green . algae, but a appear | nable — 
_ to compete with green algae when ammonia nitrogen, rather than nitrate _ 
4 nitrogen, is the nitrogen source. Only ammonia nitrogen is available in the © 
short-detention-period ponds. Secondly, blue-green algae will grow when 
4 sewage nitrogen is low or absent because they have the capacity to fix nitrogen — 
_ from the air. There is usually an excess of nitrogen in high- -rate ponds. — 
_ Inasmuch as blue-green algae often. grow around mats of organic sludge, which © 
may rise from the bottom of the pond where a sludge blanket has developed, 
4 they may require longer detention periods than algae. is 
believed possible that the detention periods of t 
4 short for growth of blue-green algae, per mitting ae fast growing green algae 
‘to develop on the available nutrients. leglA  .qoub 
Mr. Nusbaum has raised the question of growing chlorella and other alga a 
in ponds high in sodium chloride or total solids. | There is little information | 
_ indicating that brackish waters influence algal growth when total salt = . 


centrations are less than 3,000 ppm and no toxic minerals are present. It is_ 
possible that the noted unsuccessful results of attempts to seed chlorella into 
—— ponds were due to insufficient seed or excessively long detention 
periods. Because chlorella are small, rapidly growing algae, they dominate 
— detention periods are short, and other larger, more slowly growing 
organisms do not have the opportunity to overgrow them. Chlorella, scene- 
= and other small, rapidly growing cells ‘seldom predominate when the ~ 
_ Mueh additional study of photosynthetic oxygenation of sewage and of — 
a separation of the algae from the liquid has been accomplished since the paper — 
a was written. Pilot-plant investigations have shown that the algae and other 
cal suspended and colloidal matter can be continuously precipitated, and an ef- 
can be produced that contains a low B.O.D. and bacteria count. 
er weather considerably more © 
one dry weight, of algae can be per million gallons of 
_ average domestic sewage. Based on pilot-plant studies, the cost of growing, 
_ mee and drying the algae while also providing a high-quality effluent — 
is believed to be less than $100 per million gallons for average conditions. — 
The algae contain from 45% to 55% protein as well as carbohydrates, fats, — 
_ and minerals, and have an indicated value of more than $100 per ton as an — 
= animal food. ~ Hence, e even though this pre process is now only in the developmental _ 
stage and accurate cost and operational data for a full-scale plant are not — 
'd available, it seems probable t that Type 2 ‘short-detention-period ponds | ‘and = 
~ algae harvesting n may prov ide high-quality sewage treatment for a very low 
- net cost. The most economical use of the process may be for cities requiring a 
_ complete, year-round sewage treatment in areas where the climate and sun- 
light are satisfactory. This would generally be in areas between the equator 
re and 35° latitude. The process may also be economical for use during the 
on summer in places farther from the equator where only Aenean treatment 
necessary during the cold winter period, oid 
' _ A rational formulation was presented of the 1 major fundamental biological, 
fact tors 1 that govern the production of oxygen and 
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OSWALD-GOTAAS ON PHO OSYNTHESIS 


algae in sewage ponds together with engineering applications of these funda- 

- mentals. — ‘These principles are applicable under a wide variety of conditions 

“and ¢ can be utilized in the de: ign of either conventional 0 or high-rate type ‘ponds > 

_ whenever photosynthesis is considered as a source of oxygen. Naturally, 

“caution should be exercised in designing high-rate ponds of large magnitude 

‘until the process has been operated at plant-scale installations. Present i in- 
? Es indicates, however, that conventional detention periods and load- 
ings can be parents for greater efficiency and economy. > Future designs of 


rate a a step which’ is essential for the sufficient 


to permit economical harvesting and reclamation, 


= Pilot-plant experience with this process indicates the possibilities for much © 


more extensive reclamation of the valuable nutrients now, being wasted 
— costly treatment processes. The high-rate process, which utilizes sunlight as 7 
J source of energy for growing algae. to treat wastes and to reclaim nutr nutrients, 
a has one less degree of freedom for general application than the more conven- 
tional processes because of light requirements. However, in many localities 
_ sunlight is an unusually abundant item and it is unwise to waste either nutrient _ 
materials or sunlight if a process can be developed for their economical utiliza- 
+ tion. Engineered control of photosynthesis offers a means to this end. Cer- 
tainly civilization might have been retarded if engineers had chosen to allow iz 
natural processes to proceed only at their } primordial rate. to gat 
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‘gate: leaf is analyzed, and the function of the members in resisting 
torsional is explained. . Expressions for torsional: and cor- 


_ prestressing of the diagonal members increases their effectiv eness. The steps 
in applying the theory and the field technique for for prestressing a are presented. a 


a 


‘The warping or twisting of mitering-type navigation lock gates when the 
gates are swung through the water has often posed serious problems. . In the 
_ Mississippi River navigation sy stem there are a number of locks in which the 
_ gates are all of similar design; all the gates twisted excessively at first when | 
they w were being opened or closed. _ To remedy this situation, the machinery 
was redesigned so that the speed of operation was cut in half, thus causing 
_ less of a twisting force. This correction involved considerable expense, but no 
‘simple m method o! of stiffe ening the gate leaves was known at that tin time (prior to 
ss Tt was observed that gates which are thick twist less than thin gates and 5 
diagonal members on the gates prevent much of the twisting ; however, there 
Was (prior to 1942) no rational method of designing or of determining, in 
ay advance, how ‘much a given gate would twist in operation. Diagonal members 
were assumed to carry all or a part of the dead-load shear in the leaf, and — 
om this design assumption led to diagonals which looked reasonable, the — 


method has no omar nosis and the results of applying it were sometimes 
Actually, t! the skin Pb on most lock gates is so rigid j in its own plane that — 
it carries practically all the dead-load shear, and the shear carried by the : 
as __Nore.—Published, essentially as printed here, in September, 1955, as Proceedings Paper 804. 


P ositions and iven are those in effect when was approved for publication in Transactions. 
ung., Michigan State Univ. East — 
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GATES 
dingonale.ia negligible. ra ‘The actual function of the diagonal members is to. 
make the gates torsionally rigid; the method of design is explained subse- — 

quently. . This design method has been used successfully on several lock — 
4 designs i in the United States (for example, the MacArthur Lock at Sault Sainte = 
Marie, Mich., and the Chain of Rocks Lock at St. Louis, Mo.) and has even’ > 
applied to the | stiffening « of gates on some older locks in the Mississippi a 7 
River system. In the latter case the gate leaves were analyzed and the i. 


existing diagonals prestressed without structurally altering the leaves in any 


The first this method of (1942) red 


gates for the 80-ft-wide MacArthur Lock. Each leaf of the gate at the down- — 
- stream end of the lock is 56 ft high and 45 ft wide but only 3 ft thick. Sucha 
_ thin gate had never been tried before, but the gate operates under all conditions h 4h 
with no noticeable twist. __ Indeed, it i is so rigid that the lock operators swing 7 


leaves and forth to to masses of ice out of the channel i 


4 
> 


\ Fig. | is the surface of a a leaf panel with skin 
ple ate and vertical end girders or diaphragms ; in plan, the surface may be of 


esaronse 


a 


any shape whatsoever. The vertical lines, gj and fk, are ial a a small, os a 
finite, distance apart on the surface. — Now let the element, fgjk, of the surface y 


new ‘position, g'j. hy The other. portions of the surface remain rigid = that 

the whole segment, gjbc, also rotates about axis jk but undergoes no twisting. 
if the angle, g’fg, in the plan view is denoted by a, the; angle through which gj a = 
isa Au/h and, because is is small, point is 3 displaced vertically by 


— 
= 
— 
— 


e 


; If: a a leaf i is » twisted, the horizontal girders: prev ent any sbabes in 1 the 


oa 


ont 


The of t the line integral, 2 is to twice the 


= under the curve in Fig. 3, and this area can be represented by the product of © 
the width, w, and the average t thickness, _ t, of the panel. a Hence, the vertical © 


ay 


chord, ac, the t in length of the diagonal distance, ac, produced 


in which mist the length oft the di diagonal 


on 
Each element of the surface, therefore, is warped by the same amount, a 
| 
— 
i 
— 
- 


e leaves may be subdivided, either horizontally or Seditthieglli int 

pros number of panels (Fig. 4). If D represents the total amount by which 
_ the miter end of the leaf is out of plumb, the | angle, a, for 

4 (h/H). Substituting thisin Eq.8leadsto of bethups 


9 is a equation referring to either diagonal ac or diagonal bd 
because it is evident that, for small angles of twist, diagonal bd decreases in 
_ length by the same amount that ac increases in length. © If the twist is in the 


pe opposite direction, diagonal ac will decrease in length whereas bd will increase. — 


NV 


Upstream Te 


face 


On the right-hand side of Eq . 9 all factors except D are dimensions of the | 
nd be combined into a Ro. Therefore, * 


in whic 


values of Ro are necessarily the same all wil vary 


the dimensions of the Panel. sign of Ro is 8 positive for positive 


in length with a positive deflection of the leaf. term D is 
sidered positive when the top of the leaf is twisted ‘upstream regardless: of i 
which of the leaves of the gate is being considered. A positive deflection is 
shown in Fig. 4, and the positive and negative diagonals are marked. 
A leaf with one diagonal m member is shown in Fig. 5. The leaf is initially 
vertical, and there is no stress in the diagonal member. A force, F, applied as 
- shown, will twist the leaf and in doing so will do work that is given by mid At 
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"7 ‘Assuming that the leaf itself, wi ithout a diagonal member, | has a negligible — 
resistance to twisting (this will be true if the leaf does not have skin plates on 
_ both faces over any large part of its area), “a of the work done by F can be 
- equated to the work done by the stress, S, , in the diagonal member. |The - 
done by this stress is eaten 


Equating this to the work done by F and rearranging, — tasbive «i 

7 If the diagonal member of Fig. 5 had not been connected at the upper 


end and if a deflection, D, had been imposed upon the leaf, the gap betw een 
_ the end of the diagonal and the corner | of the panel would be 50, as shown i ins 
‘Fig. 6(a). 6(b) a stress, S, is applied that is sufficient to close 


ada ia In (a) om qones @ “pa obia isin 20. 


gap while the deflection, D, is maintained. ‘The. diagonal will elongate 


an amount, * 


and the corners of the panel will be pulled together an amount, Ne ie’ 5a 


_inw which L’/A’ isar mensare of the flexibility of the panel in the direction of the | 
diagona Bol The term L'/A! cannot be evaluated. analytically because so many 
_ factors enter into it. However, it has been experimentally determined for 
4 _ number of different gates by computing, for a given value of D, the strain, 6, 
and the s stress, S, in the diagonal from strain- -gage measurements. The term a Pi 
is then the difference between the computed val value of 59 and the measured is 
alue of 6, and from this L’/A’ can be found. 
LE ven 1 when leaf has many panels, S, as determined from 


| 

7 

=. | 
— 

| 

| 


he computed of the leaf is influenced by the value of 


w without ious | error, or, A’ may be taken one- -half of the cross- 
sectional area of the girders which the 
 <fK= L/Aand K’=L’'/A', the 


ator 
4 dy 


af 
cha 


mish. wad RD. 


—— D. 
In the foregoing it was assumed that when D=0 (leaf es es is no- 
stress in the ‘diagonal. Howev er if the point of stress for a diagonal 
occurs at some other position, Do, of the leaf, the elongation of the diagonal - 
tof penleel is R (D — Do), and the total stress in the diagonal member is 


bagel OX - Do)... 


For any given n diagonal member of - Do) is a constant. 
Furthermore, the constant is always positive for both positive and negative — 


_ diagonals as Ro and R always have the same sign. IfQ represents this en, 


in whieh Q is an elastic constant of the ‘diagonal member which measures the — 7 
resistance which that member offers to the torsional deflection of the fens 


at 
— 
with / A. and hence A’ is correspondingly emall eamna red with tinct 
| 
— 
| 
4 stant for any particular diagonal member. 
total stress, ; 
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‘LOCK GATES 


For 5 more e than one diagonal and for any number of of apes ee oT 


For the leaf ‘to hang (D = 0) 0) under its own weight, the numerator 


= Ges right-hand side side of Eq. 27 must equal zero for dead load; that i is, 7 
. 28 is the total dead-load weight of the leaf, r is the 
 eemies pe the conter of gravity of the leaf to the shear center of the leaf 
_ cross section, and z is the distance from the center line of the pintle to the 


center of gravity of the leaf, all of which are shown in Fig. 7 7. _ Separating live 


a Shear center 
of cross 
(ce o or 4 


water pressure 
on moving gate 


+ (Frz)p1 + 50D. (29) 


ess ben the leaf is being operated, the torsional deflection willbe == 


arr 


L Tf the diagonal members have ‘sufficient initial prestress | 80 , that the stress 


then in Eq. 31 2Q includes all diagonal members whether positive o or  mepative. 
_ If the summation of the torsional live loads is positive, D will be positive; 
the stress in the —, diagonals will i increase, and the stress ii in the negative 
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ra 
| 
a 
jo. tensile stress, behave | were able to withstand compression _ 7 


they add just as to the stiffness of the leaf. bi negative 
values of =Fr r2, of t the and d negative di diagonals i is reversed. 


cannot sustain compression; if this were not so, the foregoing analysis would . a 
be valid, but prestressing would not be necessary. ot io alietotl .4 
_ Any horizontal axis parallel to the leaf and lying in the e same vertical 
eae as the shear center may be used i in computing the values of r, the torque — 
radius. — _ One such choice of axes is shown i in Fig. 8 For any giv en condition | >. 


of loading the value of rz is inde _pendent ofthe axischosen. 


The following steps should Pe taken in applying the theory to a design = 
1. Design the leaf completely except for the diagonal members. Make 
provision for placing the diagonal members as far from the skin plate as 
practicable. Do not increase the thickness of the leaf, however, bey ond that 
ey Compute the value of Ro from Eq. 11 for each diagonal; . for greatest Z 
efficiency all values should be approximately the same. _ Any diagonal with — « 
a very low value of Ro might just as well be omitted as it will be ineffective. a 
It is not necessary to have diagonal members in every panel. ih 
ome Compute the maximum positive and negative dead-load plus live-load - 
values of 2F rz. Using an average value of Ro and the maximum positive ae 
value of ZF rz, determine the total of the in all positive diagonals from 
By dividing the total of the s stresses, x8, by the number of positive diagonals, 
the stress in each is obtained and the required size can be determined. . Al 
Positive | diagonal members should be made the same size regardless of their 
‘position on the leaf. - Similarly, the required | sizes of the negative diagonal 
members are determined using the maximum negative value of >F rz. _ 


hi > Compute the value of Q for each diagonal from Eq. 24. tener 
Using the maximum positive and maximum negative values of 2F rz 


> 


“a? 


aximum maxi 
for live load only, sompate the maximum positive and maximum Saye 


Select a of the deflection, De for the 
diagonals which is slightly greater numerically than the maximum negative 
deflection computed from Eq. a With this value of Do the diagonals will 
never become slack during operation of the gates. Then select a ‘positive — 
value of Do for the negative sereeen that is slightly greater than the e expected 
may have to be adjusted 


somewhat to satisfy a 28 is in ‘order ae the lea leaf to hang plumb u under its own 
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LOCK GATE 
as the stresses computed in step 3 exact, 
_ should be checked for r each diagonal by using Eq. 22. If it is found necessary 
to revise the size of any member, all the design steps will have to be repeated, 
but such repetition will not usually be necessary. = == 
~% . Details of the diagonal members may now be determined and the design 


Diagonal members which are adjustable by a turnbuckle or sleeve nut 
the best typ pe. initial ‘adjustment is easy, and if the gate should | 
- become damaged i in subsequent service it is a simple matter to readjust it. — 
However, adjustable diagonals are not necessary. 


q 


The diagonals with the Do, should 


r adjusted first. For the case in which the negative diagonals have the greatest 
= 4 amount of prestress, the leaf should be swung against the lock wall and the 

_ The bottom is then jacked away from the wall until 
the has a positive twist equal to the deflection desired 


- should be tightened just ‘enough to remove all slack but not so much that 
is any significant stress in the members. During this operation the 
The bottom of the leaf is then held and the top is jacked away from the 
7 4 wall until the | leaf has a negative twist equal to the prestrens deflection re 


= 


the positive diagonals. ‘. hen the leaf is released it will hang | plumb and it 

If a diagonal member is not adjustable but is of a fixed length, it may be 

' a a. ‘attached (by welding) when the leaf is in the proper position for that diagonal. 
oo It should have no slack in it when it is attached or else Do may be increased 
slightly to compensate for any slack which might exist. oi 


‘Diagonal members of lock- -gate leaves can be designed to resist forces which 
a cause twisting or wracking of of the leav es as they are swung through t the water. 
Prestressing these diagonal members adds much to their effectiveness. Maxie 
7 mum stresses in diagonals are not increased by prestressing so that many _ 
an existing gates which are not prestressed can be prestressed without any struc- _ 
cc - tural alteration. The method has proved successful on both old and new _ 
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DRAINAGE IN THE. ‘HUMID. AREAS OF TH HE 


By G. SUTTON, M. ASCE 


= he this paper is to the | engineer briefly with the e extent, 
needs, and current problems of drainage in the humid areas. In addition to <a { 
extent of drainage, improvements and accomplishments of the principal assist- 
ance programs are discussed. Examination of the changes brought about by 
drainage and some brief historical notes are included. _ Drainage is an activ ity 
in which federal, state, and local agencies, such as drainage enterprises and the 
~ individual farmer, cooperate i in the planning and construction of drainage i im- 
provements. The functions of the various agencies responsible for drainage 
are described. _ Further described are the kinds of assistance furnished by 
technicians of the Soil Conservation Service, Uni ted States Department of 
Agriculture (SCS), working through soil conservation districts on drainage 
problems. Construction of adequate farm drainage systems for cultivated — 
lands is the most exte nSiVv e need, but there e are some 20,000,000 acres of wet - 
lands that could be drained and cultiv ated if required. The programs adopted 
_by the states of Louisiana and Hore Daliote to ning special drainage needs 
are "described. many cases 

nadequate culverts. or “The paper cites the need for 
attending to this problem and refers to ihe Ohio Turnpike standards 


> 


includin those met with in the use of tile ines: and some of ‘his oriisbipid 


_ A third of i cultivated land i in the humid areas of the United d States re- 

a drainage. "Shallow surface drains, the bedding 8} sy ystem of cultivation, 

and land clearing or smoothing are farm-drainage practices for collecting and 
_ removing surface water from cultivated fields. Tile drains are used to lower © 


—Published, essentially | as printed here, in Salen, 1954, as Proceedings-Separate No, 460. Posi- 
tone and titles given are those i in effect when the paper was approved for publication i in Transactions. _ 
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he Gael water table and to provide ms seins of soil that is needed for 


3 plant growth. Open drains are also used for ground-water control in 


places. “Outlet drains are constructed to transport flow from surface 

7 drains and subsurface drains to streams or other outlets. _ Levees, dikes, and 

_ diversion ditches are used to protect drained lands from overflow. Drainage ~ 

_ pumping plants are used where it is 1 not feasible to remov ve drainage | water 4 
— flow. Drainage is controlled through the regulation of water levels by 
ae of structures installed in open or closed drains. Various types i 


structures are required in connection with all drainage practices. ae 
== many places the farms lack adequate outlets for drainage under natural 

Pr. conditions, and two or more landowners must act jointly to construct the 
and | other drainage works. Such construction is done 


PABLE 1. 1.—SuMMARY or Work oF Oncaxtzey 
ENTERPRISES FOR FOURTEEN ‘STATES ‘WITH 


_ 
ot Land in | i Length of Length of of Aven served 
ditches, le drains, 
1,315¢ 
gk 
67, 27 


fin pal try 17/9906 
Allother states 882,207 | 4376 ‘4 


Data from the 1950 Chases of Drainage, except as noted. Data obtained by adding totals 
in the 1940 census and new works constructed during the period from 1940 to 1950. 4) © Data from the 1940 


= through community or group drainage enterprises, such as drainage > districts, 


county and township drains, state enterprises, and informal groups. 1 The con- 
OA struction 1 of group drainage works in the humid areas ; has been i in esmaen, since 7 
“~ _ the United States was settled. It has permitted development of large areas — 
the t tfertilelands,| 


Fig. 1 shows the location of drainage enterprises according to the “1950 


Census of Agriculture, 2 hereinafter referred to as “ “the 1950 census.’ "The _ 


principal drainage works constructed through these drainage enterprises in- 


4. 


4 
( 
LA 
draining by pumping is increasing. Table 1 shows the extent of land drained, a 
a 2.1950 Census of Agriculture,” Vol. IV, “Drainage of Agricultural Lands,” U.S. Govt. Printing Office, 
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DRAINAGE 
aa “the principal items of drainage works in fourteen states in the humid areas, and 


a the national totals. :« The e states selected ¢ are those which showed an excess of 


‘4 originally contained a succession of shallow lakes, swamps, bape wet lands. = 

give a word picture of conditions before drainage and to show what was np 
plished by this work, the following quotations are taken from a passage in a 
_ book by W. H. Keating. The Long was undertaken it in 1823 | by: 


relating to the audeveloped country west of the Allegheny 


The following passage concerns conditions east of Fort Wayne, Ind. , and south 


settlement ; the country is so wet that we eae saw an acre of land aon _ 
- which a settlement could be made. We traveled for a couple of miles — 
_with our horses wading through water, sometimes to the girth. ‘Having © 
hs, found a small patch of esculent-grass (which from its color is known here ‘ 
_ by the name of blue-grass), we attempted to stop and pasture our horses, _ 
but this we found impossible on account of the immense swarms of mos- _ 
quitoes and horse flies, which tormented both horses and riders in a manner © 


“From Chicago to the place 1 where we forded the Des ¢ Plaines, the country = ¢ 


grass, aquatic plants, and among the wild rice. The latter occurs 
principally in the places which are still under water; its blades floating on 

3 the surface of the fluid like those of the young domestic plant. The whole — 
Bee of this tract is overflowed during the spring, and canoes pass in every direc- — 


- oe. Traveling over the same route today, one would observe the urban dete: 


_ ment, especially around Chicago and Fort Wayne. The agricultural land that — 
i has been drained is among the most productive « and most valuable of any in the © 
‘ corn belt. Substantial farm buildings are located in 1 places that for erly were © 
swampland and thriving villages serve the prosperous farms. _Asimilar change 
_ has occurred in most of the « drained areas: shown in Fig. 1, but the drainage 
4 problems have not all been solve ed even in these areas. Hd Publie drains are 4 


G. Elliott* and S. H. McCrory® valuable historical refer- 


, ences on the progress of land drainage i in the United States. H. C. Darbyt 7 
abe “Long's Expedition to the ‘Source of St. Peter’s River in 1823,” " by W. H. Keating, Carey and Lea, Lea, 
+ pneinecting for Land ‘Drainage, ” by C. G. Elliott, John Wiley & Sons, Inc., New York, N. Y., 1919, 
5 “Historical Notes on Land Drainage in the United States,” by S. H. McCrory ns 8, ASCE, 
| Bee Draining of the Fens,”” by H. C. Darby, Cambridge Univ. Press, London, 1940. 2% 


+ 


— 
a 5 in Grainag ne TISCS At Taing Census. 
— Thee d by comparing the 
| 
= 
> 
= 
j 
— 
a sound base for sustained conservation farming. 4 
| 


= oe historical development of drainage of the English Fens from about — 
1500 to the date of publication. Experience with drainage in England served 
age basis for the drainage of rice lands in South Carolina i in colonial times a F / 
for early state laws for community drainage projects. 
he In 1754, the colony of South Carolina passed a drainage act siiaalles for 
_ drainage of the Cacaw Swamp. The colony of f New Jersey € enacted a drainage 
law in 1772. Several states passed drainage laws soon after the Revolutionary Si 


Bis: Ming in the formation of drainage enterprises was slow until eee 


4 
Table 2 is shown the rate of development of ac- 


nderdrainage with manufactured tile was instituted in the United States 
p.) in 1835 by John Johnston of Seneca County, New York. Mr. Johnston’s tiles ee 


were manufactured | by hand from patterns brought over from Scotland.® 


TABLE 2.—Rate or DEVELOPMENT oF 


of organization Land, in acres January 1, 1950,in dollars 


‘18328017 
1910-1914 16,448,377 
1915-1919 5,802,902 


All enterprises 


‘In ‘addition, a total of $179,033,770 was spent by drainage | enterprises during the p 
and 1949, classified as “Construction, operation and maintenance.’ 


operation by 1880, chiefly in dedi. I 
In 1883, a large drainage district in Illinois, Mason and Taswell Counties, — as 
= construction of a main drain 14.5 miles long.> 5 This was the longest 
_ drainage ditch in the country at that time and its construction was the first See 
_ instance i in which steam-driven dipper dredges were used successfully in drain- a a 


age werk. This was said to have worked a revolution i in drainage. In 1903, 4 ae 


or special state laws. districts usually have their own board 
7 - of managers whereas the development and maintenance of county drains is 


usually, under the direction of the governing body of the 
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is ona a petition i in which from a majority 
two-thirds of the landowners and acreage are usually represented. . For the — 


655,190 acres, all of which were slaneed as drainage districts. In ten 
states, drainage enterprises consist principally of county drains and for census 4 


these ten states, 52,033,141 “acres were reported to be included in ‘drainage 4 


large number and small size of drainage was emphasized i in 


fa 2 and area quoted was net area, the totals of enterprises included subdistricts 


provided There is a vast difference in the productive capacity of 
drained land, used with proper conservation practices, and the partly drained 
land so frequently found on farms. Adequate drainage is so important for 
‘hal a efficient crop production that it is often the first practice to be instituted i ina is : 
farm conservation 1 program. cultivated fields which appear to 
By irre drainage are actually i in need of a . well-planned drainage system. 7 
_ On the basis of present information, there seems little doubt that the construc- _ ‘ 
tion and maintenance of farm-drainage systems is needed for approximately — 


testimony before a subcommittee on agriculture and in the United 
States Senate on June ye 1944,8 ‘made es estimates of land which can be drained, | 

3] by states, as shown in Table 3. Since then, estimates of conservation needs — 

su have indicated that the total is somewhat larger, or about 20,000,000 acres. 


Coneus of Agriculture,” Volume entitled “Drainage of Lands,” U. 8. Govt. 


Printing Office, Washington, D. C., 1942. fae 
*“Construction of Drainage Works in the United States, a of the 
“NG Committee on Agriculture and Forestry, United States Senate, 78th ats Pa Session on 8.1289, U. 8. _ 
Govt. Printing Office, Washington, D. C., 1944. 


_ purposes the drainage in each h county was considered as a single enterprise. — Ihe = 


& 


— 


be conducive to the health and welfare of the community, that a feasible plan 
j  fdrainage be prepared by a competent engineer, that the benefitstobederived 
a Ries _ be shown to exceed the costs, and that objectors be given a fair opportunity to 4  &£ 
be heard in court if grievances cannot be settled by other means. 
ieee wee _ _The present extent of drainage enterprises may be reviewed by astudy of § 
than 500 acres each, comprising a net land area of 4,378,743 acres, and 37,529 
K 
OM 
N 
pluses discourage the immediate drainage of wet noncrop lands.onalargescale, 
Se. bee and technical and other assistance is not provided on projects the primary _ “I y 
| =— 
— 
— « 


DRAINAGE 
ae ‘This figure is now generally accepted as the estimate of land which ¢ can pied 
_ drained and cultivated. These lands include mostly timbered areas and marsh © 
= _ However, on some of the included lands, crops are grown occasionally, a 
— but the land is too wet to be utilized efficiently. Not included are 70,000,000 x. 
acres of wet lands now considered most adaptable to wildlife, recreation, and 
limited use for grazing and timber growing. to ‘toon 
It also has been estimated that the outlet works in existing drainage nl i 
- prises, including 30,000,000 acres, are in need of rehabilitation or improvement. 
There is a a considerable vo volume of reconstruction, improvement, and -mainten-— 


- ance to be done each year to i improve land drainage, and advancements i in 1 de~ ¥ 


drainage works, which will insure good drainage and stable agricultural — 


TABLE 8. or Ferrite UNDEVELOPED Wer Lanp 


of the principal problems i in this field is to secure ‘maintenance 
f 


BE PROVIDED witH DRAINAGE AT REASONABLE | 


Area, in acres 


60,000 


Oregon 
Pennsylvania 
Rhode Island 
South Carolina 966, 000 
South Dakota 88,000 
Texas. -| 1,690,000 
000 
Washington 1375000 
West Virginia 15,000 
ri 816,000 


= 


> 


= 


Sg: 


oe * Does not include 78, 000,000 acres of wet land suited bed wildlife, recreational uses, the growth ot 


production. | Many: drains over overflow | until the damage due to inadequate outlets 


“more st successful outlet drains has occurred at ‘intervals of from 10 years to 20° 
‘years. . However, labor and. equipment shortages and economic conditions 
have caused much needed drainage work to be delayed. _ 
_ The chief type of work involved i in the construction and rehabilitation ¢ of 
"drainage outlets is clearing and excavation with draglines. Much structural 


work is also included, in addition to work on such drainage facilities as levees 


tai furthering the program « of soil conservation districts, the Soil Conserva- 


tion Service, United States Department of Agriculture (SCS), has provided a : 


\ 
ar 
t 
y 4 22,000 North Carolina................-] 1,157,000 
— 
=) 
— 
— 
a 

4 

» 
—_ 


4 


broad program of technical assistance to drainage and individual 
=x farmers. it _ Drainage has merous an an integral part of the soil and water conserva-— 


3 conservation districts, and m more than 80% of all farmers a are now w located i in enh’ a 
districts. On request, the SCS and the Office of the Solicitor of the Depart- 
r ment of . Agriculture have cooperated \ with states and local agencies on pr oblems — 
respect to state drainage laws. ead vale 
The governing body of these districts receives requests from farmers or bi 
"group enterprises for assistance on specific drainage problems and authorizes — ; 


to assistance where possible. Freq uently, a prelimin- 


TABLE. —Gnrour ENTERPRISE Pians oLvina Two oR Fanas) 


IN Som Conservation Disrricts: UniTep States FOR 
4 
CaLenpDaR YEAR 1952 aND CUMULATIVE TO] in: 


Group Drainace 


1952 | Cumulative 


of group job plans... idd 344 le «9588 

Areas to be benefited, in acres. 683/034 red 6,744,090 

Estimated total ont, in dollars. . 3,950,677 88,733,145 

Number of farms 44,922 q 


Ditch and canal excavation, in miles............ 1,177 brishe ATT 
Ditch and canal excavation, in cubic yards... .. 155° 85,332,638 
Spoil bank leveling, in cubic yards 957, be 41,968,132 
vees and dikes, in cubic 1 ,121,4 
Channel stabilization, in calles . ° ‘ 202 q 
4 Closed drains and pipe, in feet . 597 2,490,328 
9 Group enterprise plans are defined a as any jobi inv olving two or more landownsrs< or operators who agree 
to work together to accomplish the construction, operations, and maintenance specified in the plans. Paes q 


feasibility of drainage, and to supply the in needed for 
drainage system for a large area. Local people interested in drainage oe 
consider the proposals and determine whether or not they can finance the nec 
_ essary expenditures. Most of the g group projects are small, financed by an 


existing: or an informal group. After construction is 


usually let contracts for. ‘and they arrange for 
The SCS encourages those in charge of drainage enterprises and soil con-_ 


ser rvation districts to employ private engineers. F requently, the SC prepares 


a preliminary plan evaluating the capability of soils for agricultural use and 
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engineers make the detailed surveys and designs 
ance with recognized standards, supervise construction, and represent the — 
drainage enterprises inlegalandcourtwork, 


2 


TABLE 5 5.— —Farm DRAINAGE Appiiep BY SoIL Conservation: 


District CooPpeRATORS, WITH TECHNICAL ASSISTANCE. ‘FROM THE 


ConservaTION SERvicE, DuRING THE CALENDAR Year 1952 anp 


— 
erri ory, or 


Cumulative Cansintive Cumulative 
thar thi fu to December} to December to 


j 


NNWON®W 


31382 
16,710 
702,647 
«224,555 


49,766 


1627 | ave 
191,814 


9,714 


New 

_ New Mexico 

‘New York 


390 
South Dakota... ¢ 685 | 3,243 28 
234,649 2,478 2 
Vi irginia 5, 
264 | 318 
West Virginia 9,4: 
Wisconsin hace 640 
United States Total. . 1,863,705 (8,512,481 «(89,841 7,706 | 27,294 


20,038 


feasibility of drainage, and giving the approximate locations and designs of _ 
— | 
— 
California 32,623 87,653 215 576 | 339 a . 
233,927 | 295 | 1,280 | 659 — 
11,082 500 | 273 | 2269 | 1 | 68 
|} 2,452 | 12,820 58 316 42 148 4 
| | ‘seer | 3 | |) 
«12516 | 92,415 | 288 | 1,884 
et. 
— 
7 — 
Grand Total.........} 1,568,433 8,530,605 | 93,281 7,706 a 27,204 ea 


si of the principal iatiiiindniiinin in providing technical assistance 
in the matter of group drains are shown in Table 4. genie th 

_ Technical assistance on farm drainage work is provided the individual 
farmer i in connection with farm conservation planning. _ These plans provide | 
‘a for technical assistance on other conservation practices as needed, including a 
_ soil map and a determination of land capability and the proper use for each 
“field. Soil amendments, including lime and fertilizers, are generally required - 
to secure optimum crop production. A proper crop rotation is usually essential 

' in order to maintain and improve e soil fertility and to maintain the soil structure 
and soil permeability. Erosion control measures are often required in the 

_ watershed, ‘including s streambank control to protect drainage systems. Soil 
conservation districts do no not furnish any funds to farmers but conservation | 


Pp ments are made under the Agricultural Conservation Program Service, _ 
Department o of Agriculture, described subsequently. 
“TABLE 6. .—OPEN Drrcues AND CLosep Drarns INSTALLED UNDER THE 1952 


CONSERVATION PROGRAM AND THE CUMULATIVE TOTAL J 


| 


Length of Ares of Area 


all ditches,} drained ined, | drained, 
‘in rods in rods# 


North Central States 2,462,450 | 12,792,415 

South Atlantic States... .. 414,598 | 2,080,776 
South Central States 4 1,071,109 9,207,662 | (64,111 
Western States. . -| 224,7 "383 ‘055 291,281 77 439 597 


Islands, Territories. ......|_ ; 83,275 11/678 


Tot 4,560,006 6,151,928 | 3,892,249 


North Atlantic States 26,962 195,519 | 329,393 


_— oer? Acreage duitaes by ope open ditches installed during the 1952 crop year was — on n 35, 683 crm. 
oT The estimated gross assistance to farmers for 1952 for open ditches amounted to $3,888,849. ¢ The acre- 
: % drained by means of closed drains instailed during the 1952 crop year was located on 35,275 farms. | 
he perinetes gross entetanee to farmers during — for closed drains amounted to $4, 450 


The accomplishments | > in ‘humid-area states under the soil- 


- in drainage for the western states are listed, but drainage work in those states 
was principally on irrigated lands. However, a considerable volume of drain- 


age work has been accomplished on the humid western slopes of ‘Washington 
and Oregon. | Many farm drainage systems include dikes, drainage structures, 7 
‘pumping plants, , and | other practices in a in addition to the e open and closed drains — 


myy 


indicated i in Table 

The Congress of the United States has enacted legislation providing financial - 


| 
74 
| 22,444 199,749 | 170,110 
3,088,599 
— 


"DRAINAGE 


ance with provisions a program that was for several y years under 
and Marketing Administration, Department of Agriculture, 
.- more > recently has become: the Agricultural Conservation Program § Service. a 


pre Aury irrigation, and drainage. The County Agricultural Stabilization and 
si q Conservation Committees, composed of elected farmers acting with local 
__ representatives: of state and federal agricultural agencies, have considerable q 
discretion in determining the practices for which assistance is made available aad 
in the county. Payments for drainage work are not available in some places. | 
Since 1951, the SCS has been responsible for furnishing technical assistance | 
for this program. This includes assistance in the preparation of practice stand- 7 
ards and specifications. After the farmer makes application for oe 
the SCS technician determines the feasibility of the measure, approves the site 
_ selection, makes necessary designs and layout, and checks compliance to preg 
mine that the installation complies with specifications. In Table 6 are outlined yy, 
some of the major accomplishments i in in the | drainage phase of this program for . 


Difficulties encountered in the financing, organization, management, and. 
“operation of drainage enterprises have led to many special programs for han- 


dling: drainage work. Those in Louisiana and North Dakota are examples of J 

_ _‘The state-wide drainage plan of Louisiana, begun in 1941 by tl the ‘Louisiana , 
Department of Public Works, has resulted in outstanding long- -range : accom- 
plishments. This program has been primarily responsible for the increase of 
: 7,942,041 acres in drainage enterprises in Louisiana in the decade ended in 
1950. _ This program benefited greatly from the levees and main outlet channels 

: constructed by the Corps of Engineers, United States Department of the Army. 
_ Many of these works of improvements were directly responsible for making 
land drainage possible in the lower Mississippi delta. pre) 
s Previously, the drainage works in the state were constructed by small drain- 
age districts. In the 1950-1951 Biennial Report of the Louisiana Department 

4 of Public Works it is stated that the works of these drainage districts were con-— 
structed without regard to capacity, to ‘outlet streams, or to the effect on small 
local improvements, without provisions for adequate maintenance, and with 
Under the Louisiana program, the governing board of parishes (counties). 
has constructed main ditches and laterals. The engineering assistance has 

_ been provided under supervision of the state department of public works, which 7 

arts 
has: employed an experienced staff of drainage engineers. The parishes’ have b 
assumed responsibility for bonds and assets of the previous drainage districts. _ 

kh election is held for the i issuance of bonds. If ‘the election i is favorable, the 


- Parish issues the bonds. for construction es a system and the retirement of old 


costs and parish funds have provided about 60%. The program was 
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_ drains to reach the outlet. Farm drainage is one of the most important prac- 
tices in the soil-conservation-district program. io ote, 
North Dakota has provided substantial state assistance to organized drain- 
_ age enterprises in the past decade. The state has approximately 1,500,000 
ss weres in drainage enterprises, of which a large proportion are in the Red River 
Valley. During the prolonged drought of the 1930’s, there was little need for 
4 drains. in fact, many miles of ditches were almost closed by wind-blown soil. : 
4 Many of the section-line roads were constructed so that they greatly retarded | 
- drainage because road fills were raised and small culverts placed too high. 
_ When rainfall became normal again the lack of effective drainage resulted nd 
extensive crop failures. Emergency measures were undertaken to improve the 
‘The state : legislature made sc some state funds available | through the State 
ater Conservation Commission. State funds were used to pay approxi- 
.4 mately 40% of the reconstruction flees of the public , drains that qualified for 


a assistance. The farmers organized soil conservation districts throughout the ~ 
- area, and these districts secured technical help for the program from the SCS. f 


tion toward the success of the program by making conservation payments to 


The Agricultural Conservation Program Service made an important contribu- 
farmers for farm drains. This program, utilizing resources from several agen- 


- cies, has been highly successful and has re-established the Red River Valley as 

__ Engineers of the SCS made most of the surveys, prepared the plans, made 

7 the designs, and ‘supervised construction in connection with this work. _ Assist-— 

n ance ¢ of this type pe was furnished on 670 group jobs—benefiting 3,922 farms and 
: a 947,850 acres—which were completed in the state prior to December 31, 1952. 

a This work included 1 007 miles of open ditches, requiring 10,212,443 cu yd of 

excavation. The group job included work on county drains and on projects 

for informal , groups of farmers. In addition, technical assistance under the 


district program was provided f for the completion of 4,925 miles of farm drains © 


_ A few counties in Texas have undertaken construction of county-wide drain- | 


_ systems, financed by county funds but otherwise under a plan similar in 


principle to the coordinated county drainage systems described for Louisiana. 
4 Another interesting venture has been undertaken in Washington County, | 
- Mississippi, where several drainage districts combined resources for rehabilita- 
tion and maintenance of their drainage works while they maintained their 
separate legal identities. The drainage jointly employed an engineer, 
- erected a machine shop, and purchased equip nes nt to carry on drainage work as 
_ Some of the larger drainage districts have airs highly competent tech- 
nical stafis. In ‘most states, howe ever, r, the drainage work is still being done by 


financed through a special state appropriation of $5,000,000 to the department 
ee | an of public works in 1945 and in 1948. The 1951 report showed progress in — 
_ twenty-seven parishes which undertook major drainage construction, with the 
initial program complete or nearly complete in nineteen parishes. 
conservation districts have an extensive program after parish outlets 
| 
a 
1) 
f 


districts conduct and rehabilitation letting 
contracts, a plan which is found to be 
“dla Several states have recognized problems in connection with state drainage - 


laws and have undertaken revisions of these statutes. In recent years the 
‘State of has anosted and commenced operation of a simpli- 


‘program. is working a result of the legal 
z: Maryland put into effect a a new a and simplified drainage code i in | 1941 which > 


Lay 


Congress has enacted legislation w hich for many years has authorized large 
‘ flood- -control projects and programs, The watershed protection, conservation, 
7 and ‘upstream flood- control aspects of these programs have been administered 
by the Corps of Engineers, and more recently by the Department of Agriculture. 
Programs of both agencies often have an n important or decisive influence on the 
feasibility of draining land. ‘The levees and major channel improvement work 
_ of the Corps of Engineers have made it possible for drainage enterprises and - 
. landowners: to drain large areas of fertile bottom lands along the ‘Mississippi 
River, “Missouri River, Red River, Arkansas River, Illinois River, and other 


The Department of Agriculture i is working on watershed pr otection pro- 


jects, flood prevention, and erosion control in many locations. 
_ ‘The WwW atershed Protection and Flood Prev ention Act (Public Law 566), 
. authorized by t i the 83d United States Congress, which includes drainage sys- 
tems or channels with other necessary works will provide warks af 
for many bottom-land and other areas. eo The program under 
bers of small projects are being planned is reaching the initial construction stage. . 


lt offers great promise for | future development of many of the bottom | lands and 


soil conservation districts, drainage enterprises, or landowners . Such develops 
‘ment will pr pr provide for control of flash floods in the upstream reaches by means of cA 


1 BY OTHER Acrncrss wol baw 


7 tl ier types of assistance have been provided to drainage enterprises and — 


farmers ‘undertaking drain nage wor k. ~The Department o of Agriculture provided 
technical assistance through the Office of Drainage Investigations from 1904 
- to about 1920. . This latter organization employed several | drainage engineers 
who made | plans for drainage and reclamation of large areas throughout the 


country. Costs of ‘surveys were borne partly by local interests. Many of 


e 


for rehabilitation of drainage works, bean & of 


1920, the main investigations was shifted to 
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Forty-six Civilian Conservation (CCC) ca camps for work were 
assigned in 1935 to the Bureau of Agricultural Engineering, which then had the 
responsibility for drainage work. These camps were located in ten states 
_ Their work, which benefited about 12,000,000 acres, consisted chiefly of clearing 
and excavating open drains. A total of 6, 44 miles of ditches was excavated, 
inv rolving 64,000,000 cu yd of earth. This p program was limited to rehabilite: 
tion and improvement of existing drainage enterprises organized under state 
- — public works programs and the work relief programs also contributed 
extensively to the work on drainage systems in the late 1930's. _ The CCC and 
these public works programs enabled many drainage enterprises to rehabilitate — 
drainage works that: had become ineffective during depression years 
oa legislation enacted by the United States Congress in 1933, the sited: 
tion Finance Corporation (RFC) was authorized to lend money to drainage and — 
‘irrigation enterprises i in financial distress. This sagency provided the assistance 
that permitted many districts, to continue operations during the cine 
- a ears. Where bonds were in default, a settlement could usually be negotiated — 
_ by the bondholders, the RFC, and the drainage enterprise . Bondholders gen- 
erally accepted as a cash settlement sums ranging from 30% to 75% of the face 
Rb on of their bonds. The RFC secured new bonds from the drainage enter- 
prise to retire the « old ones and provided additional funds, if necessary, for 
4 rehabilitating the works of the district. Thus, a sound financial plan enabled 
the drainage enterprise to keep operating and to improve drainage works. 
" Under the program, the RFC loaned $40,000,000 for approximately 300 drain- 
are enterprises in about twenty-six states. — Many of these enterprises were 
the larger drainage districts. With minor exceptions, the funds ad- 
vanced by the federal government have been paid as due under this re 
‘The Federal Land Bank System maintains a staff of engineers to advise the 
_ banks on factors to be considered in making long-term farm mortgage loans in -_ 
_ areas affected by drainage, flood control, and irrigation problems. This system 4 
consists of twelve farmer-owned banks, which are privately financed but operate 
under federal supervision of the Farm Credit Administration. The engineering | 
: 4 staff periodically investigates and prepares reports on physical and economic — 
¢ conditions i in areas involving some 60,000,000 acres of land affected by ee 
4 and overflow problems in the humid sections of the country. This work 4 
_ privately financed, and the engineering reports are not published for distribution — 
to the public. Nevertheless, the Federal Land Banks have been cooperative 


_ in giving agencies interested in improving ec conditions access to the information — a 
, - contained in these reports. These banks have been helpful also in making 
‘ loans to farmers for the purpose of financing drainage improvements ths' that will 


old. PROBLEMS | IN | Puss. 


Becca relating to the effectiveness and costs of the different ‘methods. — thods. — 


i activity in drainage, and numerous technical bulletins were published by the q 
| 
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. tj and unsuccessful trials have curtailed further use . Some ditches have been | 
, ‘maintained by mowing weeds s with : a tractor and mower or by pasturing. pis 
- Comparisons of these methods with other methods should be made in order to 


009 Drainage REQUIREMENTS or CULVERTS AND te «4 
“geal Inadequate culverts under highways, roads, or railroads have e caused many : 
delays and additional costs in providing proper drainage for farm land. — This q 


has been one of the major problems in rehabilitating drains to adequate stand- 7 a: 
ards. It is desirable for civil engineers who are responsible for the design of 3 
culverts and bridges to observe carefully the drainage needs of agricultural lands. 
__ Probably the greatest difficulty arises from placing culverts too high for agricul- 

tural drainage needs. This problem has not been solved in many states. The _ 
writer recently observed twin culverts that had been installed under a new four- _ 
lane divided highway of the most modern design. - All the details had been 

_ planned carefully except the elevations of the culverts which were at least 2.5 ft _ 

too high to serve the agricultural drainage 

On the Ohio Turnpike, excellent drainage have been 

in the design standards. This highway traverses" the “Old Black 


section for more than 100 miles, over which the of way crosses > 


that it was s essential to ‘provide: for future drainage 
The Ohio Turnpike drainage standards have been described by H. Luebeke* 
in detail. Standards for capacity ‘and other drainage: criteria were developed — 
in consultation with landowners, county engineers, Ohio State University 
ron (Columbus), and the SCS. In numerous cases, ‘provision for future drainage % 
across the turnpike made by installing of adequate size and 
depth and sealing both ends. This procedure safeguards the right of land-— 
owners to drain their lands in accordance with the ° provisions of : of state laws. 
Provisions for r adequate drainage have been of great help i in n securing grights 
of y way from farmers who understand that drainage needs of their lands will be > 
provided _ The structures: installed by this in | accordance with 


_ ‘There have been many complex technical problems associated with the _ 
design and maintenance of tile drains. Many tile drains have failed through tg 
frost action on the clay tile and the action of sulfates and acids on concrete tile. 
_In many cases, tile having inadequate strength or tile that is highly absorptive 

has been manufactured and sold. This fact caused early failures in areas ex- ay 


posed to overloading or freezing and thawing conditions. al 
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“The American 8 Soviety ‘Testing Materials (AST M) prepared specifica-— 
tions for various grades of drain tile. The SCS is working on methods of im- 
74 proving the quality of drain tile, including recommendations for the adoption of © 
ASTM: specifications where applicable . Many. drain tiles manufactured from 
surface clays cannot meet recent ASTM specifications (C4-55) may 
7 _ furnish satisfactory service in farm drain installations, especially in the southern - 
_ United States where freezing and thawing are not of much consequence. % In- 
vestigations to establish the quality requirements of drain tile for various scondi- 
tions of exposure should be undertaken, 
7 , Effective research work has been done on the resistance of concrete tile to 
acids and sulfates. publications by Dalton G. Miller and Philip. W. 
Manson”: contain much information relating to durability of and 
mortar t under exposure to. acid and alkaline conditions, Rive wea bi 
many ‘states, the engineers, soil scientists, and technicians of the SCS and 
a _ of the state agricultural college cooperate to produce recommendations for the _ 
depth and spacing of tile drains. Such: recommendations have been based on 


‘ experience with soil groups and dominant soil types. - In some states s specific ; 


2 _ recommendations are available for from 50 to 100 soil types, 


i. A committee of the American Society of Agricultural Engineers has pub- 
lished tentative . standards for design and construction of tile drains in humid 4 


This report i is to bea amended after comments are received. 


‘There are many investigations of a general nature that should be made in 


order to encourage further improvement in drainage. Research studies are 
needed to determine criteria for the effective design of outlet ditches and farm. y 
: _ drainage systems, including types, capacity, spacing, and depth. Much inter- _ 

z est has been evident i in developing formulas and procedures to determine the 

depth and s spacing - of tile drains based on the permeability of soil. at ‘Research 

__ should be conducted on criteria for and methods of laying tile, including protec- 

a . tion and spacing of joints in sandy and erosive soils and on steep slopes. This 
+A research should cover the use of interceptor sy ‘stems and other tile systems on — 


a a aa Grading | land to improve drainage is a comparatively new practice in the 


‘humid area, ‘Specific guides need to be: dev: eloped in order to establish desirable 
- grades, maximum depths of cut, and soils and crops for which this practice is _ 


a Mole drainage has been used extensiv vely i in Great Britain and other Euro- 
“ pean countries. In the United States, the practice has been emphasized infr <— 
4 quently outside of Florida where it has been used commonly in organic soils. , 
: A hydraulic-lift mole drainage machine has been developed by the SCS. 4 


_ “Durability of Concretes and Mortars in Acid Soils with Particular Reference to Drain Tile,” by 
‘Dalton G. Miller and Philip W. Manson, Technical Bulletin No. 180, Univ. - Minnesota Agri. ‘Experiment — 
Station, Minneapolis, Minn., 1948.00 


Tests of Conctetes and Mortars Ex to Sulfate Waters, ” by Dalton G. Miller 
Philip W. Manson, Technical Bulletin No. 194," Univ. of Minnes nnesota a Agri. Experiment ment Station, M Minneapolis, 


Minn., 


iz “Design and Construction of Tile Drains in Humid Areas,” by eR on Design and Con- 
Drains, Agricultural Engineers Yearbook, 1955, Am. Soc. of Agri. Engrs., St. Mich. 
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_ Further trials to Gcteruths feasibility, depth, and spacing of this typ pe of abi - 
_ The widespread av ailability of electric power and tractors on 1 farms i is aati 

_ sponsible for considerable interest in the construction of small | pumping plants. 

Small drainage pumping plants have been used to drain lake-plains soil, such © 

as in northwest Ohio, and to drain depressional areas in which it was not 
feasible to deepen. outlet ditches. Studies should be made to establish criteria 7 
for the design and installation of such plants. sss 
_ Additional investigations are needed to determine | proper locations, pro- 
= and feasibility of drainage facilities required for the development of wet a 
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MOMENT ROTATION CHARACTERISTICS OF 


By CHARLES_ a ASCE, LEO SCHENKER,’ 


A. M. ASCE, AND BRUCE G. JOHNSTON,? M. ASCE. 


In this are methods of determining the moment- rotation 
in methods | of rene sis or design, 2 


a survival of structure heavy lateral loads such as earthquakes or 


maximum resisting moment and 


effect on the ultimate but has somewhat more effect on the 


Formulation of the is in five 
4 stages. Appendixes illustrate the use of the formulas. The variables involved | 


are examined, and the effect of each on the ultimate / moment and rotation is 
¥ shown | graphically. The procedure developed may provide : at least a first ap- 
" proximation until experimental data become available which will allow corro- P 
boration or correction of the assumptions that have been made. — aR i | 


To permit the analysis of a complete structure, knowledge of the ultimate — 
aauake of the column anchorages m must be supplemented by a an estimate of 
their moment-rotation characteristics, particularly in the case of structures 


- & Because analytical ¢ and test information on the ultimate strength-rotation — 
4 behavior of column anchorages i is largely lacking, a a theoretical analysis of the 
4 problem applicable to simple types of anchorages is developed herein. = 


Bs bes Nore.- —Published, essentially as printed here, in April, 1955, as s Proceedings-Separate No. 660. 
= ‘4 tions and titles given are those in effect when the paper was approved for publication in Transaction 
Instructor, Civ. Eng. Dept., Univ. of Wisconsin, Madison, Wiss = 


? Member of Technical Staff, Bell Telephone Labs., Inc., =" 


— 
| | 
4 


COLUMN ANCHORAGES 
The degree to which anchorages affect the capacity of | structures to resist 
‘lateral loads, such as could occur as a result of a bomb blast, varies with the type 
of structure. This fact follows from consideration of the three ways in which a 
¥ column anchorage can fail: (a) Failure i in shear FOESEARER, (6) failure in moment 


4 resistance, , and (c) failure i in tensile resistance. dia 


cia Shear failure of an anchorage might occur in a low, wide building. — ~ This 


4 failure could take the form of cracking of the concrete pier to which the anchor- 
age | is secured or shearing of the anchor bolts. ~The latter ty pe of failure ‘might 
: result from shear alone or might occur in. combination with the applied moment, 
4 causing combined tension and shear failure of individual bolts. Anchorages of ro 
-multistory buildings are unlikely to fail i in shear because they are 80 Tigid : and 


because friction due to the vertical loads is so great. * Although each design 
pes should be examined individually, in general, the anchorages of tall buildings, ; 
being heavily embedded i in concrete, can be considered fully fixed ; hence, de- ; 


formation and failure would be g governed by the properties of the eclemma’ y= 


ely, in 


Anchor 


stam: ot 
a) 


related problem outside the scope of of this paper is the possibility of over-all 


the two extreme cases of fixed flexible anchorages are the 
olumns and held down anchor bolts;om-— 
in a pier (Fig. -1(a)). The moment-rotation relationship of 
_ this type of anchorage will be investigated, omitting consideration of any rela- 


Several technical articles have ‘appeared. ‘on the ‘subject of the of 
‘simple anchorages; but a review of the literature ‘hast not revealed experi- 


peter is available to absorb discrepancies betwee the assumptions and the 


actual behavior of anchorages. , _ The assumptions made herein a are more realistic 


and are readily adjustable to results of tests as they become available. 


4“*Analysis of Anchor Bolts and for Large Stills and Kettles,” by A. A. Brown, Civil 
ity Enyineering, Vol. 22, 1952,p.491. | 
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Bounp oF Moment wns T 
The of moment is an ap aluation of a a resisting 


Rectangular Base Plate. —The most important variables that enter into the — 
4 ‘moment-rotation re relationship for a column anchorage a are: (a) The dimensions of 4 
¢ the base plate; (6) the dimensions, location, and stress-strain characteristics of | 
ar anchor bette; (c) the d dimensions and ‘Stress-strain characteristics of the 
¥ concrete pier; and (d) the vertical loading. As a first step in determining the 

manner in which changes in these variables affect the moment-rotation relation-— 

ship of the anchorage, the upper bound of the moment and the corresponding — 

It is convenient to express many variables in terms of the dimensions of the 
% base plate; thus, all primed symbols in this paper signify such a manner of 

_ expression. - For example, e is defined as the distance of aa anchor bolt from the: 

center Tine of the base plate and é = = e/ (d/2) = 2 e/d. The sede exception to 


> 


- 


Gonerete stress — 


; 4 this use of primed symbols is f’. which has the conventional meaning of ultimate 
concrete (cylinder) compressive | strength, ob etal 
toe Upper Bound for Moment.—A column anchorage without anchor bolts is. 
= shown in Fig 1(0), in which b is the width of the base plate. The unit bearing : 
¢, due to & concentric vertical | Joad, is is assumed to be e uniform. On 


shown i in Fig. 1(c). Ev idently, the resisting moment is W a/6, in which 
_ the length of the base plate. If, hypothetically, the concrete had infinite 
strength and the bearing plate roi infinitely rigid, equilibrium considerations 
alone would determine the maximum moment that could be resisted. Just 
- before the column toppled over, as shown in Fi ig. 2(a), the resultant base a 
; would be at the edge of the plate and the ‘ comment moment would be 


= 

— 

— 

| 

Ib per sq in. or 500 lb per sq in. if a moment applied by the column 1s y 

| 

| 


fat Fig. 2(b) shows the same column-and- base-plate arrangement supporting — 
. no weight at all but held down by anchor bolts. The plate and the concrete are 
again assumed as infinitely rigid. The tension to which the bolts have — - 
2 tightened i is immaterial, 3 The: ultimate strength of the bolt or bolts on one side 
of the center line of the base plate i is designated Pa a The distance from the . 
anchor bolts to the center line ise. In this case the upper bound for the resist-_ 


aly M, = = P, 4 + )=2 


Adding the \edipinalaa moments for the two cases (Eqs. 1 and 2), the 


moment for an a W, and held 


of 


- structural failure of the type of anchorage under consideration, Eq. 3(a) — 


re 


_ The symbol p is now introduced as equaling Ai/ (b d), in which A; is the” 
s-sectional area of one-half the anchor bolts and b is the width of the base 


a meaning similar to that in reinforced concrete theory, »in 


‘sted. Eq can thus be 


in which is the ultimate steel strength. Thus, M. it (c - + + 2 po) (b 


Next, a: a more realistic a assumption than that of infinite strength is made 
regard to the concrete. The actual ultimate concrete strength depends some- 
what on the relative size of the base plate and the concrete footing. Itisknown — 

that the c compressive strength of, concrete | in one or more directions i 


be assumed, therefore, , that the concrete strength is. a f'., in which a a > 1 pir i « 
must be either estim ated or determined by suitable tests. 


of Ontario (report ‘on concrete cubes loaded over central 


May 5“Theory of Elasticity,” ? 8. Timoshenko and J. N. Goodier, McGraw-Hill Book Co., Inc., New 


= — 
ng — 
the 
sof 
— 
— 
— 
4 to the reinforcing 
= 
— 
ate - — 
ence, the upper-bound moment divided by is the same for similar anchor- 
ages of different size, provided that the original uniform bearing stress and the 
ing 
sis — 
yas 
d is 4 
‘ 

ions 
Just Lheoretical considerations based on elastic theory” suggest that a might 
sure 
— 
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¥ the Power Commission’s laboratories. = | 
From the Viewpoint | of determining the moment resistance of anchorages, 
_ the effect of loading a rectangular strip is of more importance than that of load- 
ing a small square. O. Graf* reports on tests performed on concrete cubes in 
which ultimate strength under a loading on a strip covering only a third of the — 
_ top surface was 1.6 times as high as | as the ultimate strength of a cube loaded uni-— 
{ formly over all its cross section. Loading on a strip one-seventh the width of 
q the cube e resulted i in values for a varying from 2.5 to 2. 8. Moving the loaded 
NM “strip toward the edge o of the cube resulted in . reducing a to from 1.2 to 1.5. ‘ 


oo Fortunately, as will be e shown subsequently, the values M, are relatively i insensi- 
"The conerete stress distribution just before failure is likely to be nearly 


trapezoidal but it is considered that, in view of the large strains involved, no — 
En error is introduced by assuming the stress distribution to be uniform, as 


shown in Fig. 2(c). The width of the strip of concrete in touch with the base 


ra) 


first the case in which e) < a—that i is, in which the bolts” 


HA 
near the compression zone are ‘not effectiv e—and defining the 
- concrete bearing area in this particul: 


4b 


e’ 


one m may write 


Mu = mid + pou) Be, TP owe (5¢ 

Eigenschaften des Betons,” by O. Gra, Springer, Berlin, 1950. 


foe de square indicate that a may be proportional to the cube root of the ratio of total mm «SR 

— 

4 

q 

] 

& 


or the second case, in whic s—e}]>a jae 


Ma = WI 27 2. Py 


pri water 
ie 
ani) 
uf al 
02 (04 05 06 07 09 


| 
from which M’ u2 is seen to be ofe 
The moment resistance coefficients, M’u and are shown in Fig. 
plotted relative to e’ for specific values of c, p, a f’ and The larger of the 
coefficients represents the upper-bound moment. sib lexotel to 
: In most cases the value e’ does not differ greatly from 0. 8, pan the effective ee 
value ‘of ‘the upper bound will bei in the range in which is gi than M’ 
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of Eas. 5e reveals that, in any practical case, all variables 
except af’. are known. To illustrate the e effect on of any error in estimat- 
ing af’., Fig. 4 was prepared, again using - specific typical values of oe 

and g.. The value of M’,: is greater than that of M’v: up to values of af’. 

4 of approximately 1 11,000 Ib per sq in., , which is near the limit of practicality. — 

Hence, Tepresents the effective bound for moment on most anchor- 


be 


2 Eq. 5c, one — effective 


Fic. 4.—Uprer Bounp ror VARIATION WITH ULTIMATE 


= 300 Ls per In., Le rer Sq In In., AnD = 0.81 
ages, whether o or not d/2 — ei is greater or less than a. The “change | in omar 
fora change in n f’. from 4,000 lb per sq in. to 8,000 lb per sq in. is only 7%. 
Even if a considerable error is made in estimating a f’., a fairly accurate estimate 


Ged No assumption has been made in the foregoing development as to the man- 4 


fa ner of application of the we such an assumption is not required. baal 


= 


: at ultimate 


moment 
- 
+ 


4 moment , that i is considered hereia f is is the total external ‘moment and, in the case 
of large lateral displacements of the structure, vertical loads may be responsible i 
for a considerable fraction of the total ons 
Lower Bound for Rotation.—The rotation ‘associated with the ultimate 
moment cannot be estimated with close accuracy bec because it depends largely on 
the elongation the anchor bolts. 


> 
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and, the of a tensile specimen made of the 
same material may be from 20% to 30%, the bolt may be elongated no more 
4 than 5% at failure. a However, it is possible to estimate a minimum value ue for 
the rotation based on the extension of the bolt at the maximum stress. owt 
From Fig. 5, the lower bound for the rotationis 


in w pene €, denotes strain, corresponding to the maximum stress for the material 

of the anchor bolts (from the stress-strain diagram); L; is ; the length of bolt — 

above the surface of the concrete; and Lz is the equivalent free length of the ' 
embedded part of the bolt (Appendix I). The length, Ls, can be assumed to 

be at least eight times the diameter of the plain portion of the bolt (Appendix I). 
Circular Base Plate. columns, such as those used to water 


tangular “The case of two ‘opposed bolts is 
sidered here, but other types of can be analyzed i a similar pmanner — 


to find the upper bound moment. 


g moment only part of the base plate i is in contact with the concrete (Fig. 6) . - 
7 that the bearing pressure on this contact area is uniform and equal to a f’.. 


‘The distance to the center of res of the - compression a area from the center — 


of the base plate i 


1 
in the com zone, f 


~ 3 (y — siny cos y) 
urthermore, because at the stage , considered the compression force in the | 
_ concrete must equal the ultimate strength of one bolt plus the load, W, —: 
y ——siny cosy =? 


| : — 
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— 
~ 
| 
— 

— 
— 
— 
q — 
| 
w 
— 
‘Wit bolt ineffective 
Letting M’ = 
— 
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— 
‘al 
— 
4 
7 — 


“lt ‘Iti is difficult to eliminate y from Eqs. 6 pre 7 but they can be used together 


_ with y asa parameter in the same way that Eq. 5 is used alone. For example, 

curve relating to af’. can be plotted (Fig. Comparing Fig. 7 with 

‘Fig. 4, it is seen that, for i same values of a f’., M’«: is slightly smaller for a 
base plate. late. It 
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7.—Vartation oF THE Uprer-Bounp MoMENT VARIATION via 
Concrete STRENGTH FOR A LAR Base Plate 


is in the two cases to determine the upper-bound moment is 


_ Horizontal shear on a simple anchorage is resisted by the anchor bolts aad 


friction. The resistance of the anchor bolts is, course, the strength 


by the cross-sectional area. 


Compression 


of h horizontal ‘stress “Diagonal tension cracks 


een rotated so as to cause its toe to dig into the concrete, a larger horizontal 


than» Wwillbetransmitted. 


‘Inanalyzi zing the effect of the alone (assuming uniform 


The horizontal resistance d due to friction is » W. When | the base plate has 
b 


| 
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fal ti tion of these stresses is shown i in | Fig. 8(a) and, theoretically, infinite janene hs 
exist near the “edges. Actually, plastic deformation reduces the p peaks and, 

s furthermore, when cracks on the tension side reduce the rigidity of the concrete y' 

: on that side, all, or almost all, of the resistance is provided on the compression — 
‘side. . W hon the toe of the base plate digs into the concrete, : all the resistance i is 
concentrated along one line. Tracing further the path of the horizontal forces: fs f 

it is found that, unless the footing is completely embedded in fairly rigid ma- __ 
- terial, the. forces have to be transmitted to lower parts of the | footing through — 7 
shear along sections such as A-A in Fig. 8(6). When the horizontal load is 
concentrated at the toe of the base plate, the distance A-A i is quite short and ithe 

high: diagonal tension may result ‘in the. corner of the | footing spalling off. 2 


au 
to excessive compression n could, however, be evidenced by similar 
boilage ‘ 


i 


~ 
0.3 0.4 05 06 0.7 08 09 10 

Ratio, 


or ComBINED SHEAR Fi. 10.—Tue Errecr oF THE MoMENT-SHEAR 
TENSION ON THE ULTIMATE STRENGTH OFA 4: Ratio ON THE ULTIMATE AncHor-Bott 
-Rounp Sree. Bar SrRENGTH 


_ symptoms and the two should not be confused. One may ‘conclude that not tall 
the horizontal resistance which appears to be available as a result of friction oe 


re  eonale base plate and concrete 1 may be effe ctive because of the possibility of 7 
 TheE Hect of Shear on the U ltimate M ‘oment. —The effect of combined tension 
_ and shear on the strength of a rivet was studied by H. L. Cox,’ with correlation — 
to test results. He pointed out that the relationship between ‘the tensile and 
_ shear ‘components and their resultant at failure can be represented by a quarter 
- ellipse, as shown in Fig. 9, in which r is the ratio of the tensile component at 
failure to the ultimate tensile strength and p is the ratio of the shear component 5° : 
at failure to the ultimate tensile “strength. It is proposed to assume that a 
similar relationship exists for the unthreaded portion. of an anchor bolt. 


 7“Static Strength of Rivets Subjected to Combined Tension and Shear,” by H. L. Cox, thesis hse hg 
: the University of Illinois at Urbana, in 1952, in ane fulfilment of the requirements for the degree of 
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The ¢ queations arises as to of ultimate tensile strength of the 
anchor bolts i is available to resist moment if shear forces are also acting on the 
bolts. If ro. is this remaining strength when the shear stress on the anchor — 
bolts is 7, then from Fig. 9 the relationship between T, and o, is diag 


oo The shear force causing this shear stress may be represented by iF? pe “Because 
- this force is resisted by all the anchor bolts, V, = “2 Air = 2pb dr. The 
- additional shear force _ to friction between the base and the concrete is V. PO 
=yvyF =v(W+P). (The full frictional force is used here for illustration, 
but its complete omission does not greatly affect the numerical results. ) Hence, : 


the total applied shear, V, is equalto V, + Vr. The ratio, M./V, is set equal 
to h, wale equals h’ d—that is, the distance from the base _— at which ahead 


Dividing and denominator of Ea. 9(a) by! b d, 


as 


af, 


- Eq. 10 establishes a relationship between h’ and that fraction r of the 1 ulti. 
mate tensile strength that is available at failure. The relationship i is shown in | 
_ graph form in Fig. 10 for some typical values of ¢, P, Tu, af’, e’, and v. This 
_ illustration shows that, for values of h’ > 1.38, r = 1—that is, no shear stress" 
al ‘exists in the anchor bolts, implying that all the shear is s resisted by friction. var} 
_ Although the shape of the graph would change with changes in the values of 
the various parameters, it is evident that only for very small values of h’ would 
the ultimate tensile strength be seriously reduced by the action of shear. As 
the anchorage yields and rotates, the value of h’ is decreased and will approach 
_ zero as the plastic hinge is formed. ‘This: could change the relative magnitude 
of the shear and tensile components i in a manner illustrated by the dashed ead 
4 in Fig. Point C determines” the stress at failure. 
= 0. 9, 
In general, it is suggested that, in amen to the degree | of a accuracy Epa Pi the 4 


ultimate strength is known, the effect of shear on the ultimate strength can be | 
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THE GENERAL Momuwr-Roration RELATIONSHIP 


method described earlier of computing the upper ‘bound for the resisting 


moment of an anchorage, in addition to being of interest in itself, helps one to 
visualize the relationship between the variables at all stages. 
It will be assumed that during the first stage of ae of moment the — 
concrete stress distribution is as shown for “stage 1” in Fig. 11. If the highest 
is f., then the least stress must be 2c — f, because stress is 

W/b d=c. At the end of stage 

During the second stage the point of ane: is moved from the 
edge of the plate toward the first anchor bolt. Stage 2 ends as the point of zero 


stress 8 passes t the anchor bolt and ie tres induced i din th the bolt. 
Stage 3 is considered to end when yield-point stress is first reached in the 


te bolts. . The forces on the anchorage during stage 3a 3 are also shown in Fig. 7 
. Equilibrium considerations yield only one equation—namely, 


This is not suficient, however, to permit the calculation o of the concrete stress- f? 


anitaplials odd sotwi 


Muh 


disteibution diagram. Specifically, the distance, shown i in n Fig. 1 is is required 
‘in order to ¢ compute values of M at stage: 


Ab Stage 4 is considered to terminate when the anchor-bolt strain reaches the 
 strain- -hardening range. Eq. lic for M’ is still applicable in stage 4 but the 
Value. of w’ is Pee from that in stage 3. 0 The e remaining stage, up to failure, a 
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—_ _ To estimate the v alue of @, which is the angle of rotation of the column base 
: 4 corresponding to a moment, M, and a steel stress, o, the strains at the end of | 

stage 1 are e considered—when the concrete stress is zero under one edge of the — 

base plate and 2 2c under the other edge. The difference in the displacement. at 


= 


— the two edges ¢ can be ‘computed ssnpuieentele: in two ways. s, Assuming that the > 

“ depth to w hich the stresses are transmitted is equal to width, d, and ignoring the : 

effect of f the « concrete all around the k base plate, the differential movement is 

2 and = 2 c/Ee. Alternativ ely, 8. -Timoshenko* has” presented an 
—_ae expression for the average deflection under a rectangular plate 


in which , denotes the Poisson ratio. Assuming that the deflection 
aos 
ser bd a — 
and d when numerical values are substituted, the result is almost the same as that 


- +s The second stage is only of brief duration aur can be treated similarly on 
. stage - In the third, fourth, and fifth stages, rotation is due to three causes: a 
(a) Extension of the bolts, (b) | of the concrete, and (c) 
flexure of part of the base plate. A knowledge of the anchor-bolt exteasion 
> and the distance, v (Fig. 11), would permit the calculation of 6 for any value * | 
and for any value of M’, if w were also known. In this thy 


+ 


a For use use in similar. anchorages in which all linear eneatens are proportional 


that Ly is also 0 likely to. be proportional to d, one may set L,, which i is the sum 
L; and Ly, eq equal to d. From the =2e/d and 


to d, Eq. 12 can | be so written as to eliminate the dimension, d. _ Because 


¢ 


T In a previous section, the ultimate value of M’ was estimated by assuming 
— ss that the concrete stress just before failure would be uniformly distributed and — i 
equal to the ultimate concrete strength as modified by the prevailing conditions 
J 
— 
| 
a 

1 

in which E, = o/e = st stress-strain diagram 
_ of the anchor-bolt mate and L, is the equiva- 
lent total length of the anchor bolts. By meant thelensth of asimilar bolt, 
*nsion 
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as follows: If M’ were plotted against 0, the first part of the 
— would be a straight line of approximate slope—(c/6) + (2c/E.) = Bia, 
Bey yond that region, Eqs. llc and 12, with o as a parameter, define the the shape : a 


‘Tt was explained previously that the’ values, v’ and w’, the equivalent an-— 


chor-bolt length, Ly and the stress- strain relationship ¢ of anchor bolts must 
ui 

be known before the moment-rotation curve can be drawn. Sufficient basic 
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Fie. 12.—Ipeauizep Srress-Srraty Curve ror ANcHor Bors a 


test information exists to make possible : a s fairly accurate estimate of the stress- 


_ strain relationship of the anchor bolts. An idealized curve is shown in Fig. 12, ox 
drawn as as far as the maximum stress value. Alternatively, it would be rela- 
tively easy to test anchor bolts of a type proposed in any new design. _ wl io 
The estimate of L,—the sum of L; and L2—is somewhat more difficult. 
‘However, S ‘J. Gilkey, M. ASCE, 8. J. Chamberlin, A.M. ASCE, and R. W. 
Beal® suggest that, for a long embedded steel bar being pulled out of concrete, 
bond is not effective over the entire length of the bar; it is only effective over a 
length of approximately 24 diameters. Assuming that this is so, the tensile 

; 7 ‘stress in the bar varies from o at the point where it emerges fr from the concrete ; 
Zs zero at 24 D (D being the bar r diameter). «dts shown in Appendix I that the 


a - 8“Bond Between Concrete and Steel,” by H. J. Gilkey, 8. J. Chamberlin, and R. W. Beal, Bulletin No. 
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length of bar, Lz —which under a stress, ¢, would be strained a equal 
to the slip, 8, of the embedded bar—is. equal to | the distance of the center of 


: Hence, in order to estimate Le, the bond-stress distribution must be assumed. 
Assuming a linear decrease of bond stress from a value u, at sty: ef 


If v ay w (Fig. 11) are at the various stages, the 


and 6 can be drawn 2. Ww hen this i is a a moment-rotation curve such as ; 


£ 
2 
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End, 1: concrete compression 


zero at one side 
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Anchorage rotation, @, in radians 


—Tyrrca THEORETICAL Moment-Rotation Curve For A Com ANCHORAGE; 
= 0.6%, = 600 Ls per Sq IN., oy = 33,000 LB PER Sq IN., ou = 60,000 LB PER Sq IN., 
fle = 6,000 Lz PER Sq In., = 0.4 d, AND tend 


_ the one in Fig. 13 would result for a "particular combination of values of p, C, 
e, L, and a given anchor-bolt stress-strain diagram. The initial slope of the 
_ curve has been estimated to be E./12. The ultimate values of M’ and 0 esti- 


a 


mated previously (Eq. 5) were based on the assumption of rectangular bearing- 
stress distribution. Hence, the coordinates of the terminal point of the curve 
can be estimated | and the slope of the curve at that point would be zero. 2 To fill | 
in the rest of the curve, re, the bearing- stress : distribution must be estimated at 
intermediate stages—that is, the values of vy and w must be estimated. For this 
purpose it is considered justifiable to use the reinforced concrete theory for the 


stresses at the end of stage 3 (yield point reached) and a modified acheter for the — 


tie 
The length, anshor holt ahove the soncrote o ell as D are 

"End, stage 4: strain-hardening range reached | 
4 (End, stage 3: yield stress reached in the bolts 
| 
» 
4 
— 


consists of assuming stress distribution at the of s stage 


with the maximum bearing stress limited toaf’..) 
Details of typical computations f for the moment-rotation curve in the man- 


RAGES 


ner here outlined are shown in Appendix II, and the results are | plotted in Fig. 13. _ > 
Fig. 13 are two points marked A and B which approximate the sensitiv- 
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) THE EFFECT OF VARIATIONS 
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‘Wie. 14, —THE Errecr oF VARIATION IN INITIAL BEARING STRESSES A amp 
Gonerere STRENGTH For THE ConpITIons oF Fic. 13 


ity of the / method to variations in assumptions. ‘Point A corresponds to the vin 
end of stage 3, but a modular t ratio of 10 was used for the end of stage 3 whereas rs 
15 was used for A. Point B corresponds to the end of stage 4, but rectangular = 
stress oy tat e assumed for B (similar to the distribution at failure) 
ribution was assumed for the end of 4. nla 
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a 4, 15, and 16 further illustrate the effect on the moment-rotation — 
curve of the variation of c,af’.,e,and L;. The effect of in increasing. p would be — 
similar | to that produced by increasing c—it would result in more rigidity and »4 
i higa ultimate resistance moment. The effect of changes ine the eneeeal A 
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COLUMN A? 


is not very y great. result e to 1 zero is interesting be- 
such a procedure could be followed for estimating the (M-)-curve for 
r anchorages with only one bolts about an n axis joining the bolts (axis of least 


The foregoing procedure for estimating the moment-rotation characteristics 


- Sa a simple column anchorage should be satisfactory as a first apynoximation.— 


be made. Such a correction of the assumptions, after an initial series of tests 
- on anchorages, may result in a refinement of the method permitting the esti- a 
- mate of the moment-rotation curve for any similar anchorage without further - 
ey tests, or it may be necessary, at times, to conduct small supplementary tests in 
“the —_ of combined pull-out and tension tests on anchor bolts. mets 


This in investiqntibe: has been ‘supported by the Bureau of Yards s and ie 
United States Department of the Navy, under Contract nates "i con- 


the Univesity of Michigan (at Ann Arbor), through the administrative facili- =, 
ties of the Engineering Research Institute of of that at university. 


APPENDIX I. EQUIVALENT FREE LENGTH 

; - bars of various sizes is proportional to d, the length of the base plate, provided a 


* in which D is the diameter of the bar. Also, if the ratio of 6 to d is kept thes 


a and it remains to be proved that daa equivalent length is proportional to D. 
The equivalent length, Lz, is defined as follows: If the slip is s, then s = P i 
/( (E, Ad) L,/E, or Ly = 3E,/o. Since this is a comparison among 
cases at a stage when 0, and therefore are the same be considered 
constant. | Furthermore, for to be proportional t to D, ,8 must be proportional 
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de. 
“a Hence, oz decreases as z increases and is zero at z = Ly. obs of the bolt 
at a distance greater than L;, is of no importance. 
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Bond-stress distribution pia anid 


Us dz?. 
teal Case 1.—If uz is constant and independent ofz, 


It has that the is approximately 24 In 


case, Ly can be assumed to be D. 


: “hd y 


_ That is, for any particular arian the slip i is proportional to the diameter. 


gu 
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This means that the equivalent free length, is one-half the effective length, 
ii . ; Le _ In other words, the distance of slip at the loaded end is the same as the — 


axe ANCHORAGES 


extension of a boneditioated bar fixed at a point equivalent t to the center of | 


Gravity of the bond-stress distribution diagram for the « embedded ber, @ 
Case 2.—If the bond stress varies linearly, as shown i in n Fig. 18, sid ie 


ot od al Fidos als to bao weld 


ae 


P sodomy 
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ores is to D, and 


It would ap) appear to be true that sa a constant 


"APPENDIX ‘IL “TYPICAL COMPUTATIONS FOR 
‘THE MOMENT-ROTATION CURVE 


The following dete. are ‘essumed: c = 600 lb per sq in., 


6,000 lb per sq in.,e = 0.4 d, L= - 2 d/3, the str ess-strain ae for ld 
material is as aati in Fig. 12, and the n-value for concrete is 10. By defini- © 


tion, ¢’ = 2 e/d = = 0.8 and L’,; = L,/d = 2/3. Also = d) = 0.006; fi. 
4 therefore, = = 0.006 bd. Assuming b= d, = d 


a total length of embedment of 24 D, the equivalent length, of 
embedded portion of the bolt is8 D. Thus, L.=8D=0.496d. The total 
equivalent length of the bolt = (0.667 + 0. .496) d= 


1.163 d. By definition, . L’, L,/d = 163, 
Stage 1.—At the end of stage 1 (as defined under the heading, “ “The | General 
Moment-Rotation Relationship’) the stress distribution under the pate | is as 


‘shown i in Fig. 19(a). moment of resistance tq 
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= ee or 100 Ib ‘per sq in. Similarly, the rotation at the end of stage 1 1 a 


i Stage 2. —At the end of the second stage, tensile stress is is just begining to 


4 plate is as shown in Fig. 19(6). The reaction im ew 


= 


“Anchor bolt 


END, 


ND, ST 


4 The ott di 000 = stab ofT 
< F 


Jaslevi wre odd lo jedi: bodes Yo svitestte latod « boa 
. Therefore, M’, = 120 lb ) per 8q in. . Thes strain in the concrete due toa enced 


4 Assuming, a as indicated in the text, that this concrete strain 18 over an effective 


(1) 


_4ed 


f rhich 6; = 


| 
However, because there has not ye eel any additional stress induced in the J 
anchor bolt, F must also equal the original reaction, bdc. Thus, 
a 
> 
q 


= Stage 3. —During stage | 3, the anchor plate is tilted sufficiently : so that it is 
— in contact with the concrete over a strip of width, v. . At the end of the stage (by 
definition) the stress in the anchor bolt has reached the yield point (Fig. 19(c)). 
Tn order to determine » and w, the following two > equations can be written : 


Because of equilibrium p bd Oy Thus, 
REHABILITATION BY AND 
4n(poy+ec) 


from which v’ equals 0.92, and w’ =| 0.307. From Eq. lle, M’ = 0.5 
xX 798 0. = 0.5 M’ = 354 Ib per 8q i in. 


> 


woth 4 
aim 
Stage 4. —This stage ends | when the strain in the anchor bolts reaches the 
At this time the concrete stress distribution is nonlinear — 
and may be approximated bya trapezoid (Fig. 20(a)). In order to determine 
and dy, two equations can be written and solved geometry — 


From equilibrium, pbdo, + bd c= 0.5 af’. + -y)t b, from which = 


As in stage 3, M’ = 0.5 X 798 a-o. 137) + 0.5 X 0.198 X 0.8, or M’, 
= Ib per in. ‘Using Eq. 1 13, but 3, but replacing by 
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From 


ate moment. 
Eqs. a= =[(c +. p = = = 0. 16 d. 9 Hence, 0.5 


960 (1 (1 — 0.16) + 0.5 X 360 X 0. = Ib per sq in. Also, 
a Os = = = 0. 18 patines _ The foregoing values of M’ and @ are shown in graphical © 
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BEACH REHABILITATION IBY: FILL :AND 
By JAY V. ASCE, AND GEORGE WATT TS,? 


Shore stability and alinement been greatly influenced by the 


sive development of seaside resorts and the construction of navigable inlets. 
_ During the past several years various methods of artificial nourishment by _ 
means of beach fill have. been used with varying success, | The basic methods »' 
of utilizing beach fill to maintain artificial nourishment are: (a) Stockpiling, — - 
_in which fill is placed at one point and allowed to function as a feeder beach; z 
(0) direct placement, in 1 which the material is placed along the beach and an 7 
_ adequate beach width for immediate protection is created, which in turn _ 
= provides the downdrift area with a littoral supply and continuous nourish- 
“ment; and (c) a fixed or semifixed plant is positioned on the updrift side of a _ 
_ ‘jetted inlet where it intercepts. and bypa passes the littoral drift to the downdrift 
zz of the inlet. This paper will review several cases in which these methods — 
4 of f artificial nourishment have | been used and will show the experience record. 


ani The mechanics of transporting sediment by water is not completely under- ; 
stood ; however, it is known that, for a movable bed to trade in a state of equilib- a 7 


“equilibrium and rating this condition only when there is a sufficient — ; 
of littoral-drift material for the natural forces involved . Insufficient littoral — 


! ‘ supply will tend to create beach erosion; an overabundant supply will cause bs 
q accretion. " In terms of geological time, no coast line is in a completely stable ys 


state. "However, i in terms of decades, there are stable 1 reaches of shore line. — 


aid Nore. —Published, easentially 2 as printed here, in February, 1955, as Proceedings-Separate No. 616. 
Positions and titles given are those in effect when the paper was approved for publication in Transactions. 


Chief, Eng. Div., U.S. Beach Erosion Board, Washington, D.C. 
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Prior to the extensive economic development of the United States, natural 

forces built and molded the beaches, drawing from an abundant supply “7 
- material which was derived from stream sediments carried to the shore during ~ 
periods of flood and from eroding headlands. The discovery and ensuing 


development « of the beaches as a playground have brought about a gradual © 


change in the beach stability of these areas. Also, shore stability and aline- 


i ment have been influenced by navigable inlets and by inlets constructed to alle- _ 
viate stagnant conditions in bays and lagoons. Ha A 
The first seaside resorts were supported mainly by local inhabitants but, 
with improved transportation and increased leisure time, beach development _ 
grew. _ These centers of recreation, however, did not line the shores but were 
scattered, usually near the. large centers of population where economic justifica- 
tion permitted the construction of public-transportation systems. The primary 
_ purpose in building a resort area is for the convenience of those who prefer 
to live on the beach when they visit it. _ The ensuing gr rowth of hotels and 


_ other facilities soon established a line beyond which the shore could not be _ 

allowed to erode. In view of this condition coastal engineers used structures: - 
ih as sea walls to prevent the erosion of the fast land and groins to impound 
te littoral materials. Such structures were reasonably successful for holding 
and building a beach when the updrift shore line was undeveloped and supplied — 

"material to the littoral stream. As the intervening beach area was developed q 
and protected from erosion, a8 s harbor entrances were constructed and improved _ 


with jetties, and as flood-control dams were built on the rivers, the quantity of : 


of inadequate sand supply has. developed at many beaches. = 
= The problem that confronts the coastal engineer is: What i is the best daar 
Tnost economical method of and rehabilitating a beach receiving an 
i inadequate supply of littoral material? The problem appears to be simple 
- because all that is required i is to re-establish the supply of material. - However, 
- the method of placing the beach fill, in order that it will supply mated at 
a the natural replenishment rate, is an extremely important factor. ee Rah a, 
_ The intended functions of beach fills have not been fully understood by : 
the public, or, to some extent, by the engineering profession. There are — 
_ several purposes for which such fills are designed, one of which is to supply 


- nourishment to shores downdrift of the filled area. This type of fill often 


¢ includes a part of its width that is intended to be permanent, the Temaining 4 
_ seaward part of the fill being used as a stockpile. 

4 to erode at the natural rate of littoral drift and, by eroding, to provide nna . 

{ ment for the downdrift shore. The establishment and periodic ‘replenishment : 
of such a stockpile beach are called artificial nourishment. 


"filling i in order to provide the desired protective beach without delay. | 
type of fill is termed direct placement and normally has those | dimensions — 


“4 which it will preferably maintain. When such a fill is made it will remain» 


gl 
hen artificial nourishment is applied asa remedy for a long reach of 
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BEACH REHABILITATION — 
rrr cups 
only if it is artificially ‘The of artificial 
nourishment are the stockpile method ‘previously ribed an nd the almost 


tion. Artificial nourishment is, therefore, a sand- sacvitig operation and the 
_ method depends on the required rate and the source of material. - Because it 
q suitable for ‘maintaining long reaches of shore by a a single operation, artificial © 7 
x nourishment 1 is often more economical than defensive ‘wor ks, such as sea walls : 
During the past several years these methods : of artificial nourishment have © 


’ applied with varying success. __ It is the writers’ purpose to: review several 
cases in which er, methods of nourishment have been used and show the — 


presented herein not in effect long enough to. provide conclusive 
results; however, the problem of the choice of protection is believed to. be of 
great significance. “The references cited in each beach problem. ‘present ~~ 
comprehensive description of the area and only t the most pertinent information 


| 


Direct Puacement aT West Haven, Conn. 


“The West Haven shore line, shown in Fig. 1, comprises the shores of lang 
- Island Sound near the entrance to New Haven Harbor, which is approximately : 
| 60 miles east of New York (N. Y.). _ In general, all the shore line of Long _ 
‘Island Sound is interesting because of the wave action, as compared 
restoration and stabilisation. The | West area has been selected 
show a typical problem along these shores : and the measures taken taken to to improve 7 
The headlands and lowlands of the West am area are composed of un- ae ; 
consolidated glacial-drift materials which are easily eroded by wave action. 
This source of supply of f beach- -building material has gradually been reduced 2 
by the intensive development of the shore for residential and resort purposes. 
_ Protective structures have been erected in developed areas to limit the recession _ 
_ of the shore line, thereby transferring the erosion to undeveloped areas. As 


‘indicated in in Beach Erosion Control of thie ares, 

/ problem i is ‘to stabilize and improve the shore line 80 that ation 

= future development on the shore front may benefit from restored beach | 

conditions and also to prevent future damages and losses which will other- — 


Ss The present quantity of littoral drift in the West ‘Haven area and, in ‘ 7 
general, along the coast of Connecticut, is small. There appear to be many : 
nodal points created by rocky headlands, where the direction of littoral drift 

e divides. In the West Haven area between Bradley Point and Sandy Point, 

the predominant direction of drift is to the east. Long Island acts as a natural - a 

breakwater, which shields nearly all the shore of Connecticut; therefore, ithe ‘- — 


“Area 3—New Haven Harbor to River,” Document No. 208, 83rd Cong 


- Session, Beach Erosion Control Study, Corps of Engrs., U. 8. Dept. of the Army, Washington, 
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an a 
_ action in this area i is greatly reduced : as compared to the shores that are = 


offshore slopes, ae with maximum fetches s of from 20 miles to 30 miles, ) 
do not permit severe wave action to reach the actual backshore and only — 
relatively small waves contribute t to the » grade ¢ erosion and deterioration of 


Wis This condition of hydrography and a short fetch tends to produce a & wave — 


climate of waves that, i in | general, create offshore deposition along 


its, 


“New Haven Harbor vineyard Nantucket 


pil? 


ae 


infeet 


- with the small quantity of material movement in in the littoral stream. In this 
area the offshore deposits are within a "practicable distance for hydraulic 
Milita’ and p pumping to the foreshore. The Beach Erosion Control study, 
previously mentioned, included the shore line from New Haven Mehiets 
the Housatonic River; this study indicated that the most economical and j 


a practical a approach to restoration and stabilization of this a area is by the direct 
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July, 1948, ‘to January, 1949, 1 more 1,000,000 cu yd of sand were 
pumped from the New Haven Harbor in erduavte maintain the navigation — 
channel and deposited on the shore south of Sandy Point. Prior to the place- _ 
‘ment of this spoil sand, this reach of shore was in a critical condition regarding _ 
possible danger to works located on the immediate backshores. The direct 
oo placement of sand on the beach in this area provided protection to the back a 
Ri shore in addition to providing an extensive recreational area. A comparison — 
of surveys made in October, 1949, and April, 1950, eovering the area from 
7 _ Sandy Point to Bradley Point, indicates that the mean- high- water line has not _ 
é changed appreciably. Ac comparison of plan : areas between the lines at mean | 
high water and mean low water for these two surveys indicates a reduction — 
= of approximately 25 7%; this rather ra rapid reduction of the foreshore zone indi- 
— eates that a readjustment of the foreshore slope is occurring, and until this 
readjustment is completed, over-all evaluation of the sand placement in this | 
2 area would be difficult to establish. 


i The significant feature of this problem is that : the construction of shore 


because of small rates of drift ; they deprive the. downdrift zones of the 
limited littoral supply, which ‘results i in excessive erosion . of the downdrift 
ee shore line. It becomes increasingly evident why the most economical and 5 

_ practical approach to the restoration and stabilization of | this area is by direct. 
placement of sand and groin construction where necessary. 


_ ‘Atlantic City | lies on the coast of New . Jersey, “approximately. 45 miles. 
a ‘northeast of Cape » May, which i is the southern tip of the state at the entrance 
to Delaware Bay. Atlantic City comprises nearly one-half of the barrier 
beach known as Absecon Island ; Inlet i is the northeastern boundary 


_ Atlantic City has been developed rapidly since 1900 because of its location © 
‘Near extensively developed and densely populated urban ar eas. Philadelphia, 


) and New York City] 60 ) miles and 125 respectively, 


= 
supplied wi with material transported southward along Absecon | Island oped : 
: ™ volumes 1 removed from Absecon channel between 1935 and 1946 indicate © 

that approximately 400, 000 cu yd of material reach the southern end of the » 


= annually. y. It is not known whether the serious erosion’ of the ocean 


oe at Atlantic | City i is the. result ofa diminished rate of supply of sand to | 
_ the beach or of a greater rate of loss of sand from the beach because of : an in- 


- erease in power of the eroding forces, Tt is believed that both fac tors con- 


tribute to the erosion, but the | prominence e of one e factor over - the other would 


be extremely difficult to determine i in this case. eased To 
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REHABILITATION 


prior to 1940 beach elatively stable, it was decided 
zz augmented nourishment to the beach would be beneficial; this nourish-— 
_ment was derived from hopper-dredging operations in Absecon Inlet . From 
April, 1935, to September, 1943, approximately 3,554,000 cu yd of sand were 

deposited off the beach in from 15 ft to 20 ft of water (Fig. 2). This operation — 
_ was observed closely to determine whether any perceptible quantity of the | 
“ career irene material was moved to the beach. The findings were negative and 
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Realizing that a positive method of construction of 
| 


beach would be ‘required if the expensive real estate lining the shore was to be 
aw Atlantic City entered into an agreement with the Corps of En-— } 
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he follo ing plan of mpeoroment, was recom- 
7, Five timber groins should be ‘constructed and one stone groin didnt 


We be extended, ‘starting with the one farthest west and working eastward es 
thebeach filed im 
oe "Es The beach should be replenished and ‘maintained with artificial nourish 


The State of Jersey and Atlantic rehabilitation in 1948. 
—_— constructed a stone jetty at Oriental Avenue to divert the inlet channel — 
away from the beach and placed approximately 700,000 cu yd of | 
- tand on the beach from the jetty toa point approximately 6,000 ft southward sets 
‘The sand used for nourishment was pumped from the southern tip of Absecon ~ : 


Immediately upon the completion the fill, the beach began to erode at 
"greater rate than i ‘is normally encountered during the adjustment of the beach be re. \ 


ia 


‘profile. fact, the erosion ‘progressed at such a rapid rate that the city 

constructed the five-timber | groins that were -ecommended in th plan of 4 
ae improvement. The groins immediately began to function and reduced the 
Pry rate of loss of material to the. downdrift beaches; the eroding 


i n 1954 the beach, as ar south as St arles Place, accreted toa width | 
equal to or greater than the width it had immediately after the direct aie 
‘ment of sand. City officials indicate that the rebuilding process is s gradually 
ae moving southward and ‘sridences of improvement are apparent at the North 
- This information sitbetes that the beach would have been built u up by ey 
- means of groins without artificial nourishment ; this fact was never questioned. oa 


— 


- 


_ This type of rehabilitation will often be needed, and the delay i in construct- 
_ ing groins in . order to observe | the behavior of the new eng is ® economically 
sound because in some instances groins will not be required. = 


aie The ‘City | of Virginia Beach, shown in Fig. 3, is 3.5 miles: south o! of Cape 
ae Henry, which is the southern point of the entrance to Chesapeake Bay. _ The — 
Shore frontage of the city is approximately 3.3 miles in length. The shore line 
of this area has been developed chiefly for resort and recreational purposes, at 


Use « of this beach area as a resort was begun | around 1890. : It has — ; 


ang ained i in popularity, and, at the present time (1956), a conservative estimate — 
of the gross annual business is $12,000,000. Prior to the shew trai 


Pie “ Atlantic ay .» 2d Session, Beach Erosion Control Study, 
of January 1 950, p 36. 
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unes supplied material to create and maintain the beach. . With the erection — 


of buildings and protective e structures, these fore-dunes- were removed, 


beach or foreshore zone. . In 1927 the Town of Virginia Beach constructed — 


(1.98 miles of concrete & sea wall and promenede to protect the most. extensively 4 


ar developed shore | frontage. The initial cost was $250,000; as of April 1, 1949, 
maintenance and repair expenditures were $326, 534. In the high- 


—o 


Study area 


= 


n Control reports on the study of Virginia 

Beach was submitted in 1951. The purpose of this investigation was to 
determine the most suitable method of restoring and preserving an adequate = 


_ beach for the protection of the sea wall and the upland area and for recreational q 4 


Statistical data on wind and ocean swell that could to Virginia 
Beach indicated a predominant direction from the northeast and east ; however, — 


_offshore-bottom hydrography and tidal currents from the entrance to Chesa-— 4 


$“Virginia Beach, Va.,” House Document 186, 83rd lst Session, Beach Control 
~ Corps of Engrs., U. 8. Dept. of the Army, Washington, D August 22, ‘1952, P. 6. 
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with an appreciable volume being transported in ‘either direction. - Based” "on 
forty-six years of record, the high-water lir line has shown recession, 


_ After all the evidence involved in the problem area had been ann ar 
the plan, presented i in the report ¢ cited herein, was to widen 


ales of the sea wall and the upland area, and to maintain it by means of ‘ oo 
a, _ replenishing losses at suitable intervals i in order toi insure continuous protection. bo 
The plan included deferred groin construction for protection w works with the 
_ provision that their construction be undertaken at such times as the estimated _ 
annual charges therewith, including material replenishment, would be less — 
than the annual cost of beach replenishment without groins. 
By the summer of 1953, 1,400,000 cu yd of sand had been. hydraulically — 
placed on the beach along the town’s shore frontage. — The material was © 
— obtained by dredging Rudee Inlet and Lake, which are located at the southern _ 
limit of the study area. To date, the placed fill has protected the property 
along the shore line, and the annual loss of ‘material from the has been 


a been insufficient time, in terms of the initial placement and the subsequent 
maintenance, to evaluate the deferred groin~ -construction plang 


STocKPILING AT Pau Beacu, Fua., AND Continvous 
mars SouTH LAKE Worra INLET, Fra. 


: ‘Prior to the | start of the rehabilitation mea measures, the shore frontage of 
_ the Town of Palm Beach and the shores south of South Lake Worth Inlet were _ 

_ experiencing recession which was mainly due to the reduction of a natural © 
supply of littoral-drift 1 material after inlets with entrance jetties | had been 

AB indicated in Fig. 4, Palm Beach is on the east ¢ coast of Florida, approxi- 7 
_ mately ’ 70 miles north of Miami. 7 The town has been built on a barrier beach p - 
_ that separates Lake Worth from the Atlantic Ocean. The barrier varies in : _ 
- width from 250 ft to approximately 3,600 ft and extends about 16 miles be- — 
_ tween Lake Worth Inlet and South Lake Worth Inlet, these inlets being the 


only waterways between Lake Worth and the ocean. The major development | 


, ‘a - of the Palm Beach shore line is situated in the reaches south of Lake Worth 7 


a ‘Inlet. _ This inlet was dredged through the barrier and two entrance jetties 
were constructed between 1918 and 1925. _ The north jetty is approximately — 

a 2,000 ft long and the south jetty is approximately 1,900 ft long, as measured 2, 
a by the shore line in 1920. The direction of littoral drift i in this area is pre- : 
dominantly from north to ‘south, and estimates of the annual impounding 
P rate of the north jetty, after construction of this jetty, ranged from 150,000 


cu u yd to 225, 000 cu yd. After the | inlet and pan had been constructed, the 


designed for ‘shore protection. were ‘virtually ineffective in retaining 
"material because the supply was limited. In 1944 hydraulically dredged 
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"material, obtained from the basin in Lake Worth, was on the 
beach 1 — ft south of the south jetty of Lake Worth Inlet. It was estimated 


evil was ccoabakd that this material was transported up and down the 
coast and that it became impounded between the grein fields. This 282,000 


aya stockpile of sand wa was beneficial for | 0.25 mile north and 1.5 rifles south ; 
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small quantity of sand for artificial “nourishment was ‘a 
temporary measure until a more comprehensive beach- rehabilitation 
could be undertaken. Accordingly, a Beach Erosion Control study* was 


- completed in 1947. In this report it was considered that the most suitable 


Beach, Fla.,”” House Document 722, 80th Bre, 2d Session, Beach Erosion 
Corps of Engrs., U. 8. 8. Dept. of the Army, Washington, D 13, 1947, p.22, 
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Beach would be the re CEN of 1,000,000 cu u yd of suitable material, me 
from Lake Worth, in five stockpiles on the beach; thereafter, periodic replenish- — 
ment: of sand, maintenance of existing sea walls and bulkheads, and groin 
maintenance would be undertaken. The stockpiles” were to be placed 
critical portions of the beach; it was estimated that the initial volume of 4 
- placement would be depleted i in about five ‘years. The rehabilitation plan was a 
undertaken and the stockpiling was” ‘completed in 1948. Approximately 
3, 000,000 cu yd of material was stockpiled instead of the recommended — 
| 000,000 cu yd; the total cost of this operation was $400, 000. This artificial — 
‘nourishment has provided adequate protection for the 13 miles of o oceanfront 
Property i in Palm Beach since 1948.00 
During 1953 town officials followed the recommended plan of 1 shore- line 
maintenance. The officials have also been | considering the most feasible: ‘plan 
_ to transport mechanically the sand impounded by pm north jetty of Lake 
Worth Inlet to the shores south of the jetty. 
South Lake Worth Inlet, which is approximately 16 miles south of Lake 7 
: Ww orth Inlet, was dredged through the barrier beach in 1927 in order to create . 
f circulation of water through Lake Worth. The north and south entrance | 
“ jetties protecting this channel are, heapaetieely, 310 ft long and 320 ft long. 7 
- After the construction of the inlet and jetties there was an immediate reduction 
in the supply of littoral material to the shores south of the south jetty. The a 
predominant direction of littoral drift in this area is from north to south. a 
he In the period from 1932 to 1937, property owners in these reaches constructed  __ 
_ protective works, such as sea walls and groins, , to check the erosion ; however, — } 
the supply of drift was so small that the groins were ineffective i in providing — J > 
a beach and the sea walls were in danger of being undermined. _The concern of 
_ the South Lake Worth Inlet District Commission with this erosion problem and | 
the growth of the shoaling problem in Lake Worth resulted in a decision | to 
install a sand bypassing plant on the north jetty of the inlet. b=. ee a 
iy _ The plant was installed in 1937 and consisted basically of (es a swinging 
to which was” attached an 8- ‘in. ‘suction line; (6) a 6-in. 65-hp, di diesel- 
driven centrifugal pump; and (c) 1,200 ft of -diameter discharge line. 
It was estimated that 60,200 - yd of sand were transported to the shores j 
¥ south of the south jetty in the first year of operation. . Pronounced accretion - 
to the area south of the inlet was immediately noticed. 7. By 1941 beneficial % 
- _ nourishment was apparent for a distance of approximately 1 mile south of the ~ 
‘inlet. | Dering this period an average of 50, 000 cu yd of sand per yr were & 


=. The plant was not operated from. 1942 to 1945 because of fuel = 


shortages and, during this three-year period, there was considerable erosion 
south of the inlet. Since 1945 the pumping plant has been modified to handle “9 

; a greater volume of material, and recent studies? indicate the yearly pumping . 
rate to be between 70,000 cu ydand 80,000cuyd. 
‘The shoaling rate in Lake Worth has been greatly reduced by this bypassing | E 

- installation; however, the present magnitude of shoaling is still considered a 
a "maintenance problem. The downcoast area from the inlet is in excellent condi-— 


1A Study of Sand Movement at South Lake Worth Inlet, Florida,” Technical Memorandum No. 42, 7 
U. 8. Beach Erosion Board, ‘Washington, D. C., October, 
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The estimated: annual maintenance of the bypassing plant is $10, 000—ineluding. 
_ This stationary sand-pumping plant, as it is operated at South Lake Worth | oe 
Inlet, is | one of f the first installations of its type | in the » United States. he ; 


interest. It is significant that the estimated rate of littoral drift 16 miles north 
(ft the bypassing plant r ranges from 150,000 cu yd per yr to 225,000 cu yd per yr, , 
A or perhaps ¢ an average of 200,000 cu 1yd peryr. This indicates that the bypass- . ° 
ing operation stabilizes the downcoast beaches by pumping only one-third of the. Pp» 
; total volume of littoral-drift material. Earlier observations indicate that the ps 
_ bypassed material is the main source of supply to the shore immediately south 
of the inlet. One of the reasons for the successful operation of this installation a 7 
is that the sand reservoir at the pump’s intake is a natural trap for the coarser- 
_ sized fraction of the littoral supply and, consequently, when tl this material is 
7 placed on the reaches south of the inlet, it quickly and adequately stabilizes ; 


PLACEMENT HARRISON Counry, 


about 25 milesinlengthe 
Transcontinental highway U.S. 90 borders the “county line. 
] 1915 a severe hurricane created high tides and wave action which inflicted . 
t _ heavy damage to this heavily traveled roadway. Damage to the highway © 


the ‘entire gulf-exposed shore of the county, which is 


RRIBON COU 


_ and extensive damage to beach-front property necessitated the construction a 
> of a 25-mile-long, reinforced concrete sea wall. This stepped- type s structure _ 
is probably the longest continuous sea wall in the world.® 
and The sea-wall co construction was completed i in 1928 at the cost of $3,400, 000. 
The bottom step 1 was at the original ground level, : and a low, narrow beach rue 
existed at the time the sea wall was constructed. Through the years wave _ 
, action eroded this beach and exposed the curtain wall which _ supported the 2 
toe of the sea wall. Difficulties in making the curtain | wall sandtight were +! 
encountered i in the initial construction and, when it became exposed to direct - 
- wave action on the seaward face, | extensive leaching of sand from the backfill 
by 2 behind the \ wall resulted. This action . endangered the highway foundation in . 
= back of the sea wall; ; therefore, the sea wall was not completely effective in its — a 


5.—Ha 


rm 


an 
A Beach Erosion Control study® of the “Harrison County shore line was ' 


- completed in 1947. _ The recommended plan of improvement was to provide 


‘structural repair of the sea wall with particular emphasis on a condtight 
- : curtain wall, revision of the existing drainage system, replacement of backfill, 


wl * “Shore Protection in Harrison County, Mississippi,” by F. F. Escoffier W. L. Dolive, rs 
_ U.S. Beach Erosion Board, Washington, D. C., Vol. 8, No. rf July 1, 1954, p. 
*“ Harrison County, Miss.,"" House Document 682, 80th Cong.., 2d Beach Control 
‘Study, ( of Ss. ‘Dept. of the Army, Washington, D March 8, 1948, P. 8. 
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construction artificial beach. The plan main-— 
tenance of the sea wall and the r replenishment of sand tothe beach, 

_ This plan was undertaken in 1951. After the sea wall had been repaired, : 
AN approximately 6,000,000 cu yd of cand were placed hydraulically, directly in 
‘ of the sea wall, to create a beach 300 ft wide. (mean 8 sea level) and about 


- 24 miles long. Adjacent to the wall, the beach elevation is 5 ft above a 


a sea level for a distance of 50 ft from the wall, and the beach i is ‘sloped at 1 on 
4 100 to the naturally adjusted foreshore slope, which is 1 on 10. The material 
for this beach was obtained 1,500 ft directly offshore in Mississippi Sound. __ 
_. Recent surveys indicate that this beach is in excellent condition, offering _ 
_ protection to the sea wall and providing recreational facilities. The loss of s 
beach material because of erosion and natural adjustment of the beach hes 
_ been estimated to be 32,500 cu yd annually. At present (1956), no replenish 
ment by means of dredging has been undertaken. wes + bans odd 2: 
_ _ The reasons for using the direct-placement method in this beach | pestersticn 
a problem are apparent. The sheltering effect of rs islands between 12 aie 


a sheltering « effect also | provides excellent conditions for floating | plant op operations 
_ which are reflected i in the project costs. The sand deposits that are 1,500 


offshore are apparently ‘suitable to the wave climate i in the area , because a 

minimum natural foreshore adjustment has occurred. 
ofT Dis tags B odd sai 

a iw, Drrecr PLACEMENT aT SURFSIDE BEAcu, 


aly As ‘hows in Fig. 6, Surfside and Sunset Beaches are located on the Leet: 
of southern California in Orange County, approximately 4 miles southeast of 
the mouth of the Los Angeles River at Long Beach. _ Anaheim Bay Harbor 
< lies at the western limit of the area, and the two communities are situated on a 
barrier beach fronting tidal marshland beyond which the topography rises 
gradually inland. The beaches were formed in a prehistoric era along the face 


the marsh by abundant easterly moving littoral-drift material supplied by 


eroding headlands and by debris carried to the shore by the Los Angeles River 


Recent « erosion of these which are to the Anaheim Bay 
_ Harbor, has resulted because of a lack of nourishment. _ This lack of nourish- 


4 flood control and water conservation in the tributary drainage areas, from nor. F 


effects of the offshore detached breakwater extending eastward from San 


Pedro to a point opposite the mouth of the San Gabriel River, and from the | 


_ effects of the converging breakwaters protecting Anaheim Bay Harbor. The 

rate of the littoral drift that built the beaches is not known, but recent Ledities 

show that material is carried eastward from Surfside at a rate of 155,000 cu yd 

~~ Before 1933 private interests built a series’ of short groins to combat the 

* ‘erosion; these failed to accomplish their purpose. In 1942 a series of longer 

; - groins was built to retain the 452,000 cu yd of sandfill placed between them > r 


during the 1942 1945. These were partly ‘effective i in 
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BEACH REHABILITATION 
holding the il, but by 1947 erosion had progressed 80 far lavge = 


appropriated $250, 000 as an n' emergency “measure” to provide 1,220, 000 cu yd 
of sandfill to the beach. It was estimated that this nourishment would last — 
— five years. — During the succeeding years erosion occurred, and © 
by the ‘summer of 1951 the shore line had receded to the 1947 predredging — 
position at the western end of the beach. Since that time the erosion has — 
moved progressively southward and has caused the loss of several beach homes. _ 
recent report"! of a comprehensive study of the area recommends that 
- artificial beach nourishment derived from Anaheim Harbor and the marshes _ 


3 


Surfside 


4 
i 


be caer behind the barrier at a rate of 2 000, 000 cu y d every five years. i 
7 is estimated that this quantity of material will provide protection for : voyeur 
; 4 mately six to seven years. It is proposed to nourish the beach after five years © : 
by allowing a remaining protecting fillet of beach in the area adjacent to aa 
' east-harbor jetty. The initial dredging will be from the harbor area, which is 
- mainly sand; ; subsequent dredging will be from the marsh areas, which contain - 
foreign material and, consequently, 1,000,000 be depended to 


This problem shows the need for an entire littoral compartment, 


= which, if considered, will show the economic value of artificial nourishment for 


, 2d Session, Beach Erosion Control 
C., + November 30, 1953, p. 42. 
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constructing and | rehabilitating beaches. study of this problem indidates 
- that beach stabilization can be attained more economically by means of artificial © 
; on nourishment, because a supply of sand is close at hand, than by means of a sea | 
wall. Artificial nourishment provides the added advantage of supplying 
oe to the littoral zone for nourishing the beaches downdrift whereas a 7 
sea wall would merely transfer the erosion problem downdrift. . Once sea-wall 
- protection i is started, it may be necessary to extend the sea wall progressively 
downdrift until the entire shore of the littoral is protected. 


As shown in Fig. 7, ‘the stretch of beach t between EL Segundo onl Ocean 7 
4 Park lies on 1 the ‘southern Cali California coast at the head of Santa | Monica el " 
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Immediately behind the the coastal area is covered with wind-blown 
sand dunes extending several thousand feet inland and rising to an elevation _ 
the The he problem i: in this area was not entirely one ne of erosion but one af pollution. — 
= outfall sewer of the City of Los Angeles in the Hyperion District dis- — 
charged solid sewage into Santa Monica ‘Bay and contaminated the beaches in _ 
’ area. Public use of the beaches was prohibited in 1943. In order to 
_ alleviate this condition, a sewage-disposal plant was planned to be constructed a, 
in the sand-dune area at El Segundo. © The construction of this plant required _ 
a - the removal of 14,000, 000 cu yd of sand to reduce the elevation of the dunes _ 
2 jan 175 ft to a general elevation of 40 ft. The problem of disposing of this 
spoil was simple because Los Angeles County had a master plan of shore- : 
_ line development," which provided for the widening of the beach with fill. 
- ‘The fill is to be developed into a park area by means of roads, vehicle parking 
areas, bathhouses, playgrounds, and similar installations, | 
a eae conformity with | the master plan, the 14,000,000 cu yd of material were e 
dumped on n the beach over the 6-mile stretch from El Segundo to Ocean Park 
ie 1948. , The beach was widened from 600 ft to 800 ft. Because of the nature : r 


about 160, 000 cu yd per. yr, the master - plan indicates that some stabilization 
; of the shore line by artificial nourishment should be used to replace that carried a - 
downcoast. Because man-made structures will undoubtedly appear 
6 


coast i in the future, a stockpile of sand will be needed at the updrift end of each 
- - littoral segment. A stockpile of approximately 800,000 cu yd is estimated — 
_ to be sufficient for about five years. Sand for this fill can be procured from 
_ the foothills and dunes at a cost of from 30¢ per cu yd to 50¢ per cu yd. Si 
_ From the time the fill was first placed (1948) until the present (1956) no 
- additional material has been placed. Surveys made to a depth of — 20 ft in 
the area during the period from 1949 to 1953 indicate - that there has been 
- considerable movement of the material with losses approximately as expected. — . 
_ From the southern limit of the fill to Ballona Creek, a distance of about 44 | 
miles, the loss has been approximately 1,000,000 cu yd, or an average of ‘ 250,000 
cu yd per yr. This is in agreement with the 160,000-cu-yd estimated annual 
loss, if readjustment of the artificial fill is considered, together with the supply — 


demand in the littoral stream. Reaches fe farther north (the remaining 2 miles 


; of the study area) indicate stability and considerable accretion at certain points, B's 
_ the most apparent being behind the Santa Monica breakwater. This accretion 9 
is due to the material movement from upcoast as the | littoral-drift ittoral-drift material — ~*~ 


4 moves from north to o south i in this area. _ 


 Continvovs NovrisuMent at DurBan (Port Nartat), Sourm AFRICA 
Durban (Port Natal) lies on the southeast coast of Africa (Fig. 8) ap-— 


proximately 800 miles northeast o of the Cape of Good Hope and adjacent to 
Cape Natal. This city, w which had a population of 367,000 in 1949, is one of 7 


2 “Appendix Il—Coast of California, Point Mugu to San | hington House Document 277, 
«83rd Cong., 2d Session, Corps of Engrs., U.S. Dept. of the Arm RCo hington, D. C., June 5, 1952, p. 23. 
“Los Angeles $41,000,000 Hyperion Project Ends Beacl Contamination,” by Lloyd Aldrich and 
G. Smith, Ctwil Engineering, Vol, 18, July, 1948, p. 419. foot? oT -dbaed 
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BEACH REHABILITATION 
the leading holiday resorts in South Africa. Like “most coastal 
resort cities, Durban depends on its beach to attract visitors. — However, _ 
erosion has gradually r reduced the proportions of the beach to such a size that the 
city officials feel there is a , danger of losing the lucrative tourist trade. _ ofT i 
_ The erosion problem in this case is concerned with the harbor breakwaters, 
whose construction was started in the 1880’s and, in particular, with the in- 
tensive dredging that has been necessary in the vicinity of the harbor entrance _ 


jood Hope 


old 


Fic. 8.—Dvursan Hanson, Sovrn 


channel. “This navigation channel has prevented an abundant littoral drift 


f oreshore have been lost in about forty 3 years. 4] During i" period of m many years, 
. — 60,000,000 cu yd of material have been removed from the vicinity of the | 
harbor entrance to “maintain a low-water ordinary-spring-tide- mer) WOST) 


In 1938 sand, derived from channel maintenance, was pumped onto the 
beach from a hyd draulie dredge the inside face ‘of the north 
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jetty. y. The dredge had a 42-in. discharge line. In nine years more 
_ than 5,000,000 cu yd of sand were placed on the beach. This pumping opera- i 

- tion restored the foreshore and reclaimed approximately 75 acres, except in 7 7 

® area north of West Street along lower Marine Parade where a rubble wall 


had been built to combat the inroads of erosion; in this ares I —" was fecal 


= In 1950, in order to reduce harbor-maintenance dredging and also to supply f. 
8a 


nd to the beach a 16-in. dredge pump was installed on a steel trestle in — 
Rock Bight. ‘The unit, which consists of a ‘erane and pu pump, moves 
aa the trestle to provide storage at the inner end in stormy weather. During 
- operational weather the unit works at the outer end | of the trestle, dredging over a 
a semicircular area (radius 36 ft) | to a depth 1 of — 20-ft LWOST. The dis- 
= line of the pump, when it is in dredging position, is connected to a steel 


line with a rubber sleeve. The line crosses the harbor at — 42-ft LWOST 
and discharges. on the beach near the base of the north jetty. Previously, 
ra the discharge point was 5,000 ft farther north, effected by two booster pumps — 
spaced approximately 2, 000 ft apart. The pump has been operated almost 
continuously since it was constructed in 1954. . The estimated output of the 
plant operating 7 hr per day, 5 days per week, is 268,000 cu yd of sand per yr. 
_ Prior to the pumping in Cave Rock Bight, the LWOST line was 65 ft beyond 
the end of the trestle; in 1954 ‘it was 135 ft shoreward therefrom. i Occasionally — 
the plant i is unable to ‘opernte continuously y because of a lack of tttoral material. 
_ Engineers feel certain that channel-maintenance dredging has been reduced 
by the amount bypassed. The sand supply to the Durban shore 
tained the | position of the beach except in the lower Marine Parade area where 
damage has occurred during the heaviest storms. 


: iT A discharge drain acting as a groin is located approximately 3 3,600 ft north 
of the parade area. In. April, 1953, two groins were 700 ft 
and the other 1,400 ft south of the discharge drain. Since that time the low- 
_ water line has been forced seaward immediately south of Groin No. 1 for a 
4 maximum of 135 ft, but subsequent storms have reduced the | gain to approxi- 

_ mately 85 ft. Although the stormy period each year has reduced the — 
of material that was impounded during the fine there 
substantial gain in the width of the beach. 

ings The ¢ engineers responsible for the construction and rehabilitation of t this 
beach consider that the annual nourishment, aided by the groins tc to reduce the — 
rate of loss from the beach, will rehabilitate this beach « area. The entire | 


4 * downdrift stretch of shore will be stabilized after the groins are full and material : = 


asses around the endsofthe groin. 


Novur!sHMENT at Sauina Cruz, Mexico into the 


te The Port of Salina Cruz" is located on the Pacific Ocean side of southern 

= Mexico, approximately 1,800 miles southeast of Los Angeles. The entire 7 
Z harbor I has been artificially constructed. The shore line in the Salina Cruz 
= is oriented in an essentially onah-arenty direction, and the littoral drift is in 
Z easterly direction. The rate of littoral drift is 500,000 cu yd annually, sy 


i “Draga Fija,” Junta Directiva de Puertos Libres Mexicanos (1950), Caste in Bulletin, U. 6. 
Beach Erosion Board, D.C., Vol. Vol. 5, No. 3, July, 1951, ‘ r 
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on The initial breakwater for the protection o! of the harbor docks was approxi- — 
- mately parallel with the general shore alinement, which allowed : navigation into — 
_ the harbor from the southeast. It was quickly realized that there were 
extensive shoals in the ae end of the breakwater; therefore, the direction ‘oe 
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9.—Sauiwa Crvz, ‘Mexico a Io. oft 
of the was to nearly due south and it was extended 
the open ocean. Another breakwater was constructed on the eastern side 
of the harbor, thus forming the inner and outer harbors as shown in . Fig. 9. 


_ The impounding | area west of the harbor entrance was soon filled and, for the e 
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past years, , extensive dredging has been required to keep» 
the entrance channel and harbor open to navigation. bib. it 
As a solution of this maintenance problem, the Board of Mexican Free 
ry dredge in the world. OO 
The fixed dredge consists of two 450-hp motors to operate two dredge pumps > 
equipped with 18-in.-diameter intake and discharge lines. The location of the 
ai pumping station, discharge line, and general features | are shown in Fig. 1 
«Six swivel-type inteke lines feed into the dredge pumps, and the pond or 
reservoir created by these intakes can be approximately 200 ft long, 100 ft © 
After the i 
approximately 150 ft from the mean-low-water line on the beach. The plan s 
was to breach this barrier and allow the sand to flow naturally into the pool 
or reservoir. Attempts to open the barrier between the pond and beach 
_ not successful with a conventional dragline and land equipment. Each time _ 


an opening was made, large quantities of sand were deposited in the reservoir _ — 


and the pumps lacked sufficient capacity to maintain the opening. Even- 
tually a reinforced concrete sheet-piling passageway was constructed and a 
24 drag scraper, operated by a winch and guided by steel cables passing over a - 
pulley installed on a float anchored at sea, pulled the material into the reservoir. 
A spur dike (groin) was constructed approximately 1,800 ft west of the by- — 3 
1 Be _ passing plant in order to reduce the rate of littoral drift at the plant. The _ 
-, _ development of this sand bypassing plant has afforded some revealing in- 


formation. Because of the difficulties of attaining the desired readjusted — 
_ shore line, the success of the openution has yuu to be evaluated. In — 1952, a 


ot of the suction lines at considerably greater rates in order that the beach might 
- recede sufficiently to allow the sand to flow 1 naturally into the pool. A final — 
appraisal of this operation should lead to a better ‘understanding of large- scale 
7 sand bypassing plants, their effect on updrift shore lines, the effect of shoaling 
a the navigation channel, and the effects to the downdrift areas, and should 
indicate the comparative maintenance costs for navigation 
ot can be noted, from the cases presented herein, that there are two basic 
- methods of artificial nourishment to beaches; these methods are stockpiling 
and continuous nourishment. To state that one method is superior to the 
- other method would not be true because it is common for coastal engineers __ 
to find that a method in a locality would be most un- 


wave It would be unwise to 0 stockpile material — 
- on a foreshore zone when the hydrography is of steep slopes and the predomi- | 
nant waves have high steepness values (ratio of wave height to wave length). 
Because the technique of artificial nourishment was not extensively 
until after World. W ar II, this method of rehabilitating beaches is relatively — 
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new. In the beach ch restoration at A Atlantic City, the at: offshore a 
deposition did not appear encouraging. ry Howe ever, conclusive criticism of this 
™ 4 technique cannot be made until more is known about the actual mechanics of © 
material transport by waves. After the ‘offshore deposition was completed, 
4 the foreshore area indicated continued erosion, but there could possibly be a 
_ reduced rate of erosion because of this offshore deposition. In some coastal 
_ waters it is known that, during a period of years, a tremendous volume of | ‘ 
material i is moved in the offshore zone; however, the actual mechanics of this 
material movement are yet to be understood fully, = = 
‘When immediate protection is needed and the fill is placed directly on the 
beach, there can be no actual failure of beach rehabilitation. The success of 
_ the operation can be measured by the length of time the protective beach has 
existed. |. The sand i is placed directly on the foreshore, protection is provided ~ 
for the onshore area, ., and success of the operation is measured by the length 
_ of time this protective beach exists. Perhaps one of the most important con- | 
siderations in using direct-placement fill is the characteristic of the material Be 
placed | on the e beach. A material with a . fine gradation, relative to the 
- material environment where it is being placed, will probably be quickly trans-— 
ported to the offshore zones and the net residual of this placed material will — 
be insufficient to provide the required beach width for protective measures. : 
In cases of direct placement, a material with a coarser gradation than that of 
_ “ the 1 native beach material will be best for foreshore adjustment and will provide = 
the : . desired protective beach width over the longest span of time. Obviously 4 
an optimum exists for coarseness of in a wil 


Current experiences . indicate that there is a toward 
- finer materials as progression is made from the foreshore area toward the 
offshore area. In general, too, the coarsest fraction is found at the phange 

point of the waves. These residuals of sand movement, which are due to the 2 

_ hydraulic characteristic of the waves, all favor the operation of a continuous- — ; 
: nourishment type of beach rehabilitation. In such a case, the plant is posi- 

tioned to intercept this coarse fraction and to transport it to the downdrift 

_ areas where it will function as a feeder to the littoral stream. When the outfall -) 
4 of the bypassing plant is not systematically extended, the operation becomes a 

_ form of stockpiling, which requires additional time for the natural forces to 

4 transport the material downcoast. Observations made at the sand bypassing 
4 plant at South Lake Worth Inlet tend to indicate that this type of artificial | : 

_ nourishment is the solution to all inlet problems. However, observations — 

5 made of the sand bypassing operations at Salina Cruz show that the over-all 

4 planning is not so simple. Here again, this method of providing nourishment bi . 

to the downdrift area from an inlet, with the additional purpose of the ‘operation | 7 - 

_ being to reduce maintenance dredging for navigation in the inlet, is new. It pe 
|: 4 is reasonable to assume that this type of operation would always provide the 7 
i downdrift area with material having desirable characteristics; however, thie 

operation must be studied from the standpoints of reducing the maintenance 
- costs of dredging in the inlet and of determining the possibilities of the plant _ 
becoming “landlocked.” ‘This type | of ‘operation i is 
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- artificial nourishment. In one case the he cost | of protecting a reach of. en 
line by means of artificial nourishment may be only a few cents per linear foot 
because of the accessibility of the source material; in another case the cost 
would be extremely high because of the scarcity of materials. n the latter 
case it is often more economical to consider permanent protection, ‘such as 
_ sea walls or bulkheads for protecting valuable onshore property, on, 
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INTEGRATION OF STREETS WITH 


BY y Kart A. B BEVINS,? 


= 


| problem of providing for traffic expansion in ‘Atlanta, Ga., 


‘revising a primarily radial street to provide streets: bypassing the 
downtown area. In addition, a “sere screen line” railroads” surrounds the 


BP verorertatt area. The major street plan includes an expressway, belt routes, 


_ improvement of radial streets, and a one-way t traffic pattern. "Government i 

F aad business. people are being effectively organized to plan ‘and administer 


Governmental Agencies. ‘Adante, Ga., the governmental most 
active in the field of traffic improvement include the City of Atlanta, rene 
its Municipal Planning Board and consultants, its Construction Department, 
and its Traffic Commission and Traffic” Engineering Department; Fulton 
2 County, through its Department of Public Wor ks; DeKalb County, through 
its Commissioner of Roads and Revenues; the Metropolitan Planning Com- 
mission, , which i is financed jointly by the City of Atlanta, Fulton County, ‘and 
DeKalb County; the Joint Bond Commission, a citizens’ commission ih 
: administers the bond funds voted by the citizens of the City of Atlanta and © 
for traffic the Georgia | State Highway 
(United States of 


omissions, the Atlanta Traffic and Safety Council or the Transportation 
j Planning Council composed of one administrative official and one technical — 
a man from each of the agencies working on traffic plans. This council is on 
a unofficial advisory group. Its work is done by special committees : appointed — 

“ for specific jobs. One standing committee, called the Technical Coordinating 


Committee, holds regular meetings and carries the bulk of the work load. 
Nors.—Published, essentially as printed here, in 1955, as ed for publication in No. 


Positions and titles given are those in effect when 
Traffic Engr., Atlanta, ky 
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ra It is ea of ‘the chief technicians from each of the member agencies hea 
- Transportation ‘Planning | Council. this working committee, in- 


oa the results of special studies are made available to all agencies. __ ‘re caer 


Parking and Transit. —The transportation program in ‘Atlanta has been 
completed by special commissions created _by the Georgia State Legislature a 


and financed by the City of Atlanta. The duties of these two commissions — 
Were to make comprehensive studies to action which would 


~ 


Source 0 


The writer wishes to emphasize that the bulk of 
herein was obtained from agencies other than his own organization. Because 
these data are factual and because they represent the combined efforts of 

several responsible ag agencies, they are worthy of careful study by. all persons 


iit A Radial Pattern. an 8 existing street system forms a radial pattern 
= all the principal | arterials radiating from the central business district — 
_ like the spokes of a wheel. . Noe circumferential streets and almost no cross- 


_ Vehicular Capacity Limitations. —Few streets with roadway widths of 40 
or more Possibilities for one-way streets are scarce 


Fie. 3.—Tue Screen Lave Tat Cowrnous 


tax (CapaciTy IN ATLANTA 


of the small ares rage a by grid patterns asd because of the lack of parallel 


+ pairs of streets. Many of the widest streets end abruptly at “jogs” or de dead 
ends. Natural barriers in the form of parks and highly developed a re 
_ block the extension of other important traffic-carrying streets. a 
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a most of the main streets, is completely surrounded by railroads. These rail- 
oe form a circular belt line which may be termed the “screen line” (Fig. 3). 
The streets radiating from the central business district and crossing this — 
screen line will be referred to as “‘gateways.’’ There are 29 of these gateways — 7" 
piercing the screen line. . At present, these 29 gateways provide a total of — 
traffic lanes, 37 being inbound and 37 outbound. The practical operating ~ 
capacity of these 29 gateways in one direction is 16,650 vehicles per hour = 
(vph). The maximum capacity, which is an unsatisfactory operating figure, 
i is 18,500 vph. . For alll 5 practical purposes this capacity of 16,650 vph is the — 
useful seful capacity of the existing radial street 


TraFric Loap TO UsEFruL STREET Capacity 
Radial Streets. —Existing oo flow data show that ww streets, other cin. 


“the redial now large amot unts traffic (Fig. 4). The lack of 


Fre. 5.—Bypassine or THe Screen 6.—Use or ABS A b 


routes bypassing the central district accounts for this. As the city grows sand 
secondary focal points develop, 


— to carry the bulk of the traffic load to and from the important end 
Screen-Line Traffic Load Related to Its Capacity.: —The maximum inbound 
~ movement through the screen line occurs during the morning peak period ; - 
of 14,250 vph. The maximum outbound load of 17,000 vph 
occurs during the afternoon peak period. Comparing the 17,000 vph now 2 i. 


carried through the 29 gateways at the screen line with the practical operating 
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Possible Means of Improvement.—If the gateways through the screen line 
preter a at present, how can the city provide for its future growth? 


at 


« 


yi. 


_ bounded by the screen line all traffic that does not have destinations within 
_ that area (Fig. 5); (2) construction of expressways piercing the screen line, 


| 
— 
io heol e been proposed : he area ff ( 
— 000, io bl means of relief — ets to carry around the 
The following poss n, and circumferential 


thus creating additional high- capacity gateways (Fig. 6); (3) construction of 
Je new surface gateways; and (4) improvement of existing gateways by (@) 
eliminating parking, (b) installing staggered lanes, (c) widening existing 
streets, and (d) using various combinations of 1 measures (a), (0), : and (c). ovino yt 
+ The Proposed Major Street Plan.—The proposed plan makes use of all 
he these devices. Five expressways form the ‘‘backbone’”’ of the proposed plan. 
is The: heast of the central business district i is t to be surrounded by an expressway 


“ring.” ’ From: this connector r ring one expressway is to run north and split 
si ‘into a northwest leg and a northeast leg; another is to run east; the third is to - 


A series of strategically located 


together the expressways and to relieve the radial feeder system. Major i 
ip provements for the radial system and the downtown streets are to be included 4 

to and the dispersion of traffic (Fig. 7). 


Increasing the e Screen-Line Capacity. —All justifiable methods | have bee: 7 
used to increase the -screen- -line capacity. . These measures include bypass 
- routes, expressways, new surface gateways, widenings by means of construction be 
and no-parking, one-way streets, staggered lanes, and special traffic-signal 
timing. _ These changes have all been assumed to increase the traffic-carrying © 
an capacity a the screen-line gateways, which in turn control the useful edie 
of the Atlanta street system, 
Screen- Line Demand Related to Practical Capacity. —Lane capacities of sur- 
S face streets were ‘computed using an average of 450 vph as the operating lane # 
capacity and 500 vph as the maximum possible lane capacity. On onl 4 E 
ways, 1,200 ) vph was used as the operating lane capacity and 1,500 vph was ae 
used as the maximum . possible lane capacity. The proposed plan — Ss 
some of the streets to their maximum capacity. This heavy loading of some 
streets became necessary when it was judged impracticable to add — 
er traffic lanes through | certain sectors of the screen line. r The traffic demand at 7 
i the screen line in 1980 has been estimated at 53,600 vph, but the practical = 
be operating capacity of the streets available under the major street plan is only | - 
51,600 vph. | The difference between these two values can be made up by - 
i loading some of the streets at or near their maximum possible capacities © 
rather than adhering to operating capacities. 
lies Overloading of Streets.—In order to anticipate better 1980 traffic needs at 
the various gateways, the screen line has been divided into four sectors (Fig.8). 


pe. North Sector. —The estimated demand for the north sector is 10, 900 vph- 


500 vph. By loading all the ‘northbound maximum capa- 
city, the deficiency can be reduced to 3,400 vph. Assigning 750 vph to leave — 
the screen line westbound on Tenth Street and then turn north, and assigning - 
ano ther 2,650 vph to leave the | ‘sereen line eastbound on the Expressway 
‘ —(N. E.), Piedmont Avenue, and Boulevard before turning north to their ultimate — 
‘destinations, n makes possible a a balance between demand and capacity for the — 
4 
‘north sector. 
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demand is 19, 900 vph the 
- operating eapecity is 21,900 vph. However, the east sector has been required 


" to absorb 2,650 vph from the north sector, leaving an operating capacity of 

only 19,250 vph | available for -east-sector traffic. This will undoubtedly 
result in some congestion on gatewaysin the east sector. || 
a South Sector.—In comparison to the capacity of 11,700 vph the estimated 
- demand i in 1980 is 12,600 vph. The difference can be eliminated by requiring 
~ some of the gateways to carry nearly their maximum possible capacities. puir" 
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Existine RapiaL Streets Must Br IMPROVED one 
_ The proposed major street plan includes five expressways through the 
screen line in addition to major widenings on nearly every existing gateway 


a 


y improvements at the screen 


| 
= 
= 
| 
= 
— 
m4 __and the construction of several new surface gateways. However, even with ; _— 


a be increased enough t to equal the demand that is expected by the year 1980. 
_ The expressways alone cannot solve the problem. If future traffic is to have 
through the screen line to the important central business district, 
- existing surface radial streets must not only be kept open across 8 the -express- 
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be 


0.—CoNsERVATIVE Estmarte, 1980 Downtown VEHICLE 


on ‘Dow 


Connecting . Ezpressways to the Streets.- has been 
increased across the screen line en route to the fowstowa | section, the probes 


downtown streets. This must be without the use of the 

_ downtown streets by traffic from the surface radial streets which feed the a 
downtown section. There are three distinct phases to this problem: (1) To 
» 7 determine the future traffic load down ntown; : (2) to arrange the downtown streets 
provide the most traffic flow pattern, and to determine the 
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‘STREETS 
highest possible capacity on the downtown street for the radial 
streets leading from the downtown section through the critical screen-line pra: 


q saw toubair 


-Boundaries.—Based on planning studies, the downtown section of 1980 is ; 


expected to cover a larger a area than that 1 which is now considered the down- a - 
sectio m around this 1980 downtown section; the 


town section. he cordon was thrown aroun 

streets forming this cordon line are shown in Fig. 9. 


Pi Estimated 1980 Demand. —In estimating the downtown traffic bie 
for the year 1980, consideration was given to the ability of the downtown — 


4! 
section and to parking an use of 
ic facilities, especially by all-day workers, was assumed ; all reasonable assump- be 

tions regarding the bypassing of traffic not bound for the central district were 
a used; and no adjustment was made for a change in driver habits due to the 
7 improved: street system. These conditions tend to make the estimated 
: demand of 45,450 vph conservative. The distribution of this estimated load 
1% ‘The Greatest Operating Capacity y Downtown Is 43, 050 Vph. —In an effort to = 
obtain the greatest possible capacity from the downtown street 
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parking regulations was assumed ; major widenings were assumed on Memorial 
_ Drive, Edgewood Avenue, Bartow Street, and Magnolia Street; the Hunter 
- Street viaduct was planned as a four-lane structure; oa the connections of § 
Mitchell Street to Hunter Street, Capitol Avenue 0 Piedmont Avenue, 
r Peters Street to Garnett Street, Cain Street to ee Street, | and Baker 7 
Street to Luckie Street were assumed (Fig. 1 1). . The highest practical capacity F 
obtainable on ‘the ‘Streets and expressways ‘crossing: the ‘cordon line into the 
downtown section, even with all these improvements, is 43,050 The 
expressways were assumed to be carrying 18,300 vph, and the surface streets | 


‘The of an xpressway is limited. & Contrary to popular belief, th 


expressway cannot carry. the bulk of ‘the downtown traffic in Atlanta. 
Actually, the expressway cannot carry more than approximately two-fifths or 
18 vph of the 43, which can be accommodated. The maximum 


“DEMAND 


possible capacity of the | expressway is 19,500 ol. Its practical operating 
capacity is 15, 600 vph (Fig. load assumed i in the analysis 


4 Of these 18, 300 wah, 15, 000 vph were peda to come from within the conden : 
oars, area and 2,800 vph were assumed to be “through” traffic. It was estimated 
a _ that this assumed load of 18,300 vph would result in an overload on the express- _ 
way northbound from the proposed downtown Piedmont Avenue ramp to a 
_ Peachtree Road : and on the Expressway (East) just east of Harris Street. It 
is believed that a maximum of 24 ,750 vph will be able to er cross the cordon line _ 
on surface streets to bring the total capacity of streets crossing the cordon 4 
line to 43, 050 vph (Fig. 12). Iti is also believed that the traffic representing %.: 


_ the difference between the demand of 45,450 vph and the capacity of 43,050 
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os _vph can filter around the cordon area on minor streets. Some . the — 
: i area as long as they 
vph is through traffic which will use streets in the cordon area as long 
— 


are available but which could use bypass streets. Althou gh all 

- streets will be loaded to capacity with radial traffic from the cordon area, 

some minor streets wi will be available for the aunpe 


A ramp system to maximum use of surface streets will 


ES control downtown traffic. A consideration of ramp construction costs as 
against the service factor will Prove | that t adequate r ramps can be @ provided - 
impairing: the capacity of the surface feeder-street system 
(Fig. 11). The ramp design should (1) provide'the best possible service for 
the e expressways and (2) preserve sufficient capacity int the local streets to 
ie permit the growth of the downtown section. — The following should be included . 


as basic principles in the design of the downtown expressway ramps in Atlanta: 


The ramp capacity should be balanced against the expressway capacity. _ 
bs “ The ramps should be so located with reference to origin-and-destination | 
information as to minimize travel on local downtown streets. Beste wether 3.5 
oa c. Ramps should be placed in pairs to. prevent unnecessary circulation on 
downtown streets.  ‘Ifan unloading 1 ramp is justified, a corresponding loading 
1 ramp of equal capacity is needed to return the movement to the expressway in 7 7 


the direction from which it came. Ramps" are expensive than street 


widenings it in the downtown section. Too wide a separation of 


Tamps causes unnecessary use of surface streets. 


Ramps should not be. eounected to streets feeding the important. surface 
radial system. ty Ramps tend. to fill the street to capacity with expressway _ 


traffic and to make it useless as a feeder for surface traffic beyond : the ramp. _ 


a: e. In the future it may be e advantageous to make Whitehall 5 Street and 


pay 


Forsyth ‘Street a pair of one-way streets with Whitehall Street northbound © 


southbound. | “The ramp desi n should provide for this arrangement. ‘omy ret 
4. 


A “team” of public and private agencies is working on the “Atlanta Plan.” 


Immediate action is indicated in order to relieve existing critical congestion, 
and an aggressive, large-scale, street-improvement program appears essential 
to the growth of Atlanta. _ Expressways are urgently needed as the “backbone” 
“for an improved radial and added circumferential surface “street. system. 
- However, the ‘existing feeder streets for the downtown section must not be = 
off by the expressway roadway or by expressway traffic at ray ramp connections ie 
_ Ramps should be so located as to provide maximum service with a minimum 
of circulation on downtown streets. _ The most, efficient possible traffic flow : 
pattern should be adopted for the streets of the downtown section including 


rial 
| 
the 
The 
nta. 
sor 
— 
j — 
‘a 
2) 
| f. Capitol Avenue and Washington Street also may be possible future og 
city. — 
t —- 
rdon 
ing — 
050 — 
toy 
eee 


“AMERICAN | SOCIETY OF CIVIL 
Founded November 5.185200 


DISCHARGE COEFFICIENTS FOR SPILLWAYS t 
ed of) vii AT TVA DAMS bus a 
KENNETH wW. _KIRKPATRICK,’? A. M. 


Spillway ratings derived from model studies have been used i in the prepara- 


a tion of spillway 1 rating tables for the Tennessee Valley Authority dams. As a 
result of these studies, discharge coefficients for eleven of the Tennessee Valley 
_ Authority dams are given in this paper. _ Coefficients for both submerged and 

free discharge conditions are presented for discharges over standard spillway 
erests, irregular spillway crests, and a vertical-lift spillway gate. Discharge 
coefficients for Tainter gates placed on curved spillway crests are also given 
 « for various gate openings under free discharge conditions. In addition, data 
= on the effect of model scale on the discharge coefficient and the effect of closing 
adjacent spillway bays and gates are presented. The coefficient relationships 
ares shown i ina form that may be used by designers as a om! in making Le 
terminations of the discharges for future. spillw ays. 


"The letter die te adopted for use in this paper are defined where t 

first appear, in the illustrations or in the text, and are arranged al phabetaly, 


. : ian Tennessee Vv alley Authority (TVA) ‘operates a a sy system of nine dams on 
_ the Tennessee River and twenty-three on the tributary rivers. _ The successful iz 
operation of such a . system requires accurate discharge | ratings for each struc- 7 
ture. Although enough water i is ‘seldom available to make complete ratings 7, 


= 


¢ 


7 2 for most spillways from measurements conducted on the prototype structure, — 
ratings can be determined from scale model tests. Therefore, the 
for the TVA ‘spillways have been determined by this means. Model 


‘Nore. —Published, essentially as printed here, in February, 1955, as Proceedings-Separate No. 626. 
Positions and titles given are those in effect when the paper was approved for for publication m Transactions. 5 
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Seven of the nine crests were curved sections which approximated the shape - 

of the lower nappe of a sharp-crested weir. _ The other two crests were fiat. 

“s The two ) flat-crested weirs and one of the curved crests were equipped with | 
_double-leaf vertical lift gates. Five of the curved crests were equipped with — 
Tainter gates and the other with vertical lift gates. , aor 
ya Data Presented. —Data are p resented for the roy re conditions: (1) Free, 


spillway bays, with adjacent fully. open or closed; (4) free flow over 
vertical lift gate; (5) submerged flow over a vertical lift gate; (6) flow under a 
series of Tainter gates set with equal openings; and (7) flow under a series of 
-Tainter gates with adjacent gates closed. 
ae Data are also presented to show the effect of model seal sale the ¢ condition 


of a of three ‘of the prototype spillway bays. In the 
: flume five or six spillway bays were reproduced. Each of these flumes was 
provided with glass panels for observation ‘purposes. The models | placed in 
the larger flume were constructed at scale ratios of from 1:28.72 to 1:50 with — 
a ratio of approximately 1:35 generally used. Those tested od in the the ‘smaller “f 4 
flume were built at scale ratios of 1:50, 1:100, ‘and 1:200. 
os ‘The models were usually provided with concrete crests and concrete ae _ 
to insure dimensional stability. Half piers were constructed on the ends of — ii 
model. . Ifthe model did completely fill the he flume one side was placed 
Ls “against the glass side of the flume and the other against a false wall. The 
‘ river bed upstream and downstream from the model was reproduced at the 
elevation of the prototype river bed. Suitable baffling was provided to obtain 
‘a uniform distribution of flow in the spillway approach channel. The tail- 
_ water level was controlled at the end of the flumes by means of ‘slat gates. * 
Model discharges were determined from readings of a carefully calibrated — 
located in n the water supply line. 191 
Headwater heights were measured at two piezometers distances equal 
approximately 5 and 8 times the design head upstream from the spillway 


crest. Tailwater heights obtained at 2 -piezometers at distances equal 
to approximately 9 and 12 times the design head downstream from the spill- a 
way erest—in all cases, ‘sufficiently far enough downstream to eliminate ‘the 


In most studies the headwater and tailwater ‘levels ‘were by 

of hook gages reading to 0.001 ft. For the 1/200-scale model the heads 
Were measured with a micrometer point gage reading to 0.0001 ft. 88 

Discharge Equations.—The model data have been reduced by ‘the use of = 

two commonly accepted discharge equations. For both free and submerged — 
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of discharge determined from the model tests, L is the length of the crest, 
and H is the total head as shown in in Fig. i(a). Use | was made of the same 
= in the reduction of the data for free and submerged flows over a 
vertical gate with D, H, d, and P (Fig. 1(a)) being measured from the | 


For flow under a s gate the. equation for a rectangular r orifice under low head, Z 


was used, in which D, is the depth of water to the bottom of the | gate as as shoe 


in Fig. 1(6) and A is the approach velocity head. tad 
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Free-DiscHance ‘Cozrrictents, over Sprttway Crests 
et It is common practice ‘for engineers to design spillway crests to approx- f 
§ imate closely + the shape of the lower portion of @ jet issuing from a sharp- _ 
_— erested. weir, and this type of crest is designated a standard crest. 3 Be ause 
the shape of the jet changes with the head on the weir, ‘some particular head 
must be used for each design. This head for which a particular crest is designed 
ist termed the design h head. Atth this head, pressures approximating atmospheric 
"pressure are dev eloped at the spillway surface. At smaller heads, p pressures 
are greater than atmospheric. Seven of the nine TVA crests for which data 
are available approximate standard crests. in shape whereas the other t 
which are flat, not. Fig. shows the basic details and dimen- q 
sions of each of these crests. Fig. 3 presents the coefficient: data obtained — 
on the crests | of f Fig. 2. Pertinent design data concerning each crest, to- 3 
_ gether with the scale to which each was ‘modeled, ‘appear in Table 1. _ Eleven 
— are also listed in Table 1. Two pairs of these, the Ocoee No. 3- 
_ Apalachia set, and the Douglas-Watts Bar set, both in Tennessee, have crest 
a shapes that are identical within the pale, but which were tested for different 


values of the approach depth, oft 370 wok 
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The accuracy of the data i is ‘evidenced by the plotting - the e data p pointe a 
3. Except in some cases at low heads, the deviation of any plotted 
‘point from the coefficient curve does not exceed 0.5%. al ov; 2 
_& Standard Crests.—It has been shown by various authors that the discharge. 
coefficients for all standard crests can be related to each other and that, con- 
oy the coefficients to be used for a new design can be taken from previous" 
test data.**5 Unfortunately, in most crest designs, due to other design 
considerations, it i is necessary that the shape be varied from the standard form. - 
Nevertheless, satisfactory coefficients can be obtained as ‘sufficient data are 
now available on a range of crest shapes. By comparison of crest. shapes 
designers may select a coefficient for any particular crest. 
| Dimensionless plotting provides a means for comparison of crest shapes. a 
"This method i is used in Fig. 4 on which seven TVA crests which closely rapproxi- , 
mate standard crests are shown by the solid lines, with the dashed line repre- — : 
ep: senting a standard crest shape.2 The horizontal coordinate, 2 z, and the vertical 


eee Y; of the | crest curve have been divided by the design head, H,. 
_ TABLE 1.- —Desien TA FOR ELEVEN Mopets or TVA SPILLWAY 


Pr head, He, | depth, P, 


Henry... 
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‘The design head was determined by fitting the real and canton’ OO ah the 


as point (c = 0) and at the intersection of the curve with the upstream 7 
vertical face. _ These design-head values are presented in Table 1. 
design-head discharge | coefficients determined from. Fig. 3 are shown in. 
The TVA crests all fairly ‘approximate the standard curve from the 
ostream spillway face to a point somewhere downstream from the crest which 
was determined by the position of the gate seal. Below | this latter point, 
the crest shape was modified to fit the trajectory of a jet issuing from under — 
the gate when set at a . small opening. The upstream face for a standard — 
F- crest is ; vertical. The upstream face of the TVA crests, as shown in Fig. 4, 
deviates from the vertical. Other experimenters have established the fact 


_ that the shape of the “upstream face generally has little influence | on mn the dis- 


= _ “Final Reports of Boulder Canyon Project,” Bulletin No. 3, Part VI, Hydraulic Investigations, 
of Reclamation, U. 8. Dept. of the Interior, Washington, D.C.,1947, 


 4“Engineering edited by Rouse, John ‘Wiley & Sons, Inc., New York, N. Y., 


6 “Discharge Coefficients Irregular Overfall Spillways,” by J. N. Bradley, Monograph 
No. 9, Bureau of Reclamation, U. 8. pt. of the Interior, Washington, D. C., 19. - Ly; - 
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SPILLWAY 
: tt ‘Fig. .4 indicates that the shape of the curve from the crest to a point some- 
where | in the neighborhood of z/H, = = 0.5 materially affects” the coefficient, 


‘This can be seen by comparing the (y/H,)-values at z/H, = 0.5 with C,. The 
. comparative crests in Fig. 4 have been placed in the order of Sddinonten: (Y/H aS 
_ values. No reasonable correlation of C, with either upstream shape of H, /P 
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head to the design head, H/H., are shown in Fig. 5. In Fig. 5(a) the value of | 
Cis plotted against H/H, for the four crests—Apalachia, Ocoee No. 3, Hales Bar _ 


and Fort Patrick Henry (Tennesse) —that most closely follow the 
shape. The maximum variation of the individual points from 
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Ocoee No. 364 
Hates Sas Bar 
= Fort Patrick Henry 
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the average curve for TVA crests is 0. 5%. "The standard-crest curve shown “ 
os _ by th the dashed line in Fig. 5 is that of W. P. Creager it J. D. Justin? This 2 
a curve is approximately 2% higher than the TVA curve. Fig. 5(b) isa cial. 
siouless plot of the data from Figs. 3(a) and 3(b). The deviation of the points — 
e from the average curve is greater than in Fig. 5(a) because all crests are 


included, but for design purposes the curve should be vs plieiemadeulll 
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curve is more firmly established than it may appear because the curve itself 

Irregular Spillway Crests. —The designation “irregular spillway crests” 
is used to distinguish between standard spillway crests and other crest forms. 
Only two of the TVA : spillways, those at Chickamauga, Tenn., and Gunters- 
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the coefficients are consistently from 3% to 5% greater than 
ae for | the Guntersville spillway. . The additional height of the crest above th the 
apron on and the ‘rounding of the near upstream edge of the Chickamauga crest _ 

would operate to increase the discharge coefficients. sts 
‘The Effect of Operating Adjacent Spillway Bays.- —In the TVA water- 
7 : ‘control operations, it is necessary to operate single spillway bays s and — 


- with adjacent bays aed and 4. 4% higher at Wilson Dam than with — . 
- bays closed. These relationships show the importance o of f spillway pier con- 


Is 


traction effects in spillway discharge 


Chickamauga Dam, Guntersville Dam, Pickwick Landing Dam a 

‘ see), and Watts Bar Dam. are subject to submergence of the crest at periods of 

ie high discharge. To determine the effect of this submergence model tests were — 
conducted by establishing a constant rate of discharge and varying the tail- 
| aioe elevation t to determine the Telationship between the headwater and tail- 


* 


water elevations. This procedure was repeated | for several discharge rates. 
covering the operating range at the dam. 
_ Two conditions were observed in the model tests which are char- 
acterized as “plungin nappe” “flowing nappe.” In the condition of 
“plunging napp g napp 
plunging nappe the discharge issuing from the spillway plunges down into the 
fallen and appears to follow the boundary s surface of the spillway. a o 
s In the condition of flowing nappe the flow is ) nearly horizontal, i ae 
an undulating surface flow in the tailrace channel. The plunging nappe | 
usually occurs with low submergence whereas the flowing nappe occurs with — 
high submergence. the headwater and tailwater head relationship at a 
constant rate of discharge was plotted for each series of tests, it was found that 7 


| the change from plunging nappe to flowing nappe had no ‘apparent effect on 7" 7 


results from these tests on the four have b  plotiied 


‘Fig. 7 in the dimensionless form, d/H, against C,/C, in which d is the depth of 
submergence and // is the total | head above the crest . The coefficient, C,, was 
- computed from. Eq. 1 using the H-value for the submerged conditions; C was = 
determined using the H-value for the free-flow condition, = © _ 

systematic variation of C JC could be determined for any variable 

except the (d/H)-ratio for any of the conditions tested. _ However, no relatively - i 


low discharges were tested because i in practice the TVA installations can — 


lf Eq. 1 from the model-study data are shown in Fig. 3(c). Thetwocrestsdiffer — — 
in the shape of the upstream and downstream edges of the crest 
n. 
at situated next to a closed bay, models of the Wilson and Wheeler spillways in — 8 
- i. Tennessee were tested with adjacent spillway bays open and closed to determine — | = 
the difference in contraction effects at the piers. | 
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In Fig. 8 8 the of Fig. 7 are on single plot 

the maximum spread between curves is about 10%, 

4 onsidering the wide range of crest shapes used in the tests. ‘Silebion add Phe 

Cozrrictants FOR Flow OVER VerticaL Lirr GaTEs 


% ‘The Pickwick Landing - vertical lift gates are e representative of this type of 
oo, , which has been used on several TVA projects. In Fig. 9(a) are shown ~ 
_ details of the lower spillway gate leaf. For heads greater than 2 ft, this gate y 
‘ is essentially a sharp-crested weir 40 ft long and 20 ft high with piers 7.5 ft — e* 
thick at each end of the gate. 7 _ Air intakes were installed in the sides of the 
- piers just below the top of the gate to ventilate the underside of the aappe 6 a 


~~ tests were conducted with the 1/50-scale, 3-bay spillway model. 


w 


Chickamauga Dam 
—-— GuntersvilleDam 


| 


In Fig. 9(6) is shown the head-coefficient relationship for flow over the 


crest of the spillway g gate. The. coefficient, C, was computed from Eq. 1 using = 
the top of the gate as crest elevation. The points define the head-coefficient _ 
Telationship for heads between | 3 ft and 28 ft. Kach point was determined © : 
from the average of from 3 to 5 separate tests. A constant value of C equal 7 
_ to 3.428 is shown for heads in excess of 12 ft. For heads of from 12 ft to about 
4 ft the model test curve shows a gradual rise in the coefficient, with an abrupt D 9 
drop-off when the heads are approximately 4 ft and less. This curve takes 
; - the characteristic form for the coefficients of a sharp-crested weir, the rise and — 
-falli in the coefficient curve being due to the nappe clinging to the surface of the a 
weir. This phenomenon is function of the absolute head. Therefore, 
ey _betense the model and prototype did not exist for prototype heads 
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-_Beea suse the g i has a 10-in.-wide flat top, at low 


a the model. However, for a head in excess of about 2 ft the aver can be 
expected t to, act similarly t 
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surface-tension effects 
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Probable prototype 
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Coefficient of discharge, C, in Eq. 1 


ipp slay OvER 4 VERTICAL lavr Gate) 


. al gates, model tests were conducted in a manner similar to that used i in deter- 


mining submergence effects on s spillw ay crests. The coefficient, C., was com- 
puted from Eq. 1 in a manner similar to that used for the spillway crest dats ss 


but using the top of gate as the crest elevation. Fig. 10 shows a plot of of the 


presented in Fig. 10 represent the rating of a three-bay, 1/50-scale model of 


th the Pickwick Landing Dam. The total prototyp pe crest width was” 


‘SUBMERGENCE DiscHaRGE COEFFICIENTS FOR Fiow 


To obtain data o on the effect of the submergence of flow over vertical-lift — 


relationships that have been determined. The » data 
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8 ft. The discharge was for three spillway bays. These curves illustrate 
fe the characteristic flow phenomena associated with this type of gate. Each — 
constant-discharge curve begins with a horizontal line where the head- dis 
relationship is not affected by the tailwater level. Just before the 


Be gered elevation reaches the gate crest level there is a drop i in the headwater 
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H, in feet 
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Total head oF 


Discharge Q, in cubic feet per secon 


Fig. 10. RELATIONS FOR ovER A 
Gate (Prorite Sketca in Fia. 11) 


tion showed that at this point the air a “oated 3 in the sides of the piers 


just below the crest of the spillway gate, became submerged by by the tailw ater, 7 
reducing the contraction of the lower nappe issuing from the gate crest. The 
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over the gate was thus increased with a consequent lowering of the 


The flow conditions of plunging nappe and flowing nappe, previously 

- described, also oceurred in this type of flow. _ In this case the change from 
one to the other is apparent in the data. - The dashed line in Fig. 10 indicates 


_ the approximate location of the change. At these points the curves show a 
definite discontinuity in in shape. . The « he data of Fig. 10 can be reduced in conti 
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(Drmensions on Curves Arg Gate Openr 


cient form to the single-curve representation shown in Fig. 11. _ In this illustra-_ = 


tion, a constant value of C, equal to 3.428, was used in computing the ratio of — 


Discuarce CoxFrictents ror FLow aT 


ey 


Fat The flow under Tainter gates mounted on curved crests is controlled by ; 
the geometry of three interrelated variables—the crest shape, the gate, and 5 


the gate setting. _ The major factors which influence the discharge relation- 


= 

| 

d above water surface & 
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ships are the position a of ate seal point with to the highest 
of the spillway crest and the curvature of the upstream face of the gate. Ih 
obtaining the model data on the various TVA Tainter-gate installations no 
attempt has been made to determine the « quantitative effect of these factors. : 
taken individually. The data presented i in Figs. 12 and 13 for the gate settings 


not, therefore, applicable to o other installations unless the several variables 
Data on Tainter-gate coefficients previously published have, in most 
4 cases, been based on flow along a horizontal surface although many of these ; 
- gates are installed on curved crests. The tests 3 repor ted herein are for Tainter _ 
gates mounted on curved spillway crests where the pressure distribution differs 
4 considerably from that in a horizontal channel. The coefficients obtained from : 
- tests on & horizontal channel are not waded to installations on curved 
ts The sindliadin coefficients for Figs. 12 en 13 were computed | using Eq. 2 
4 with ‘the heads measured above the crest elevation. ' The curves designated 
aa. “Gates raised above water surface” are the eodiechnent'é curves taken from 
Figs. 3(@) and 3(6) for which C-values were computed using Eq. 1. The 
points connected by the da dashed lines represent the point at which the water : 
ae touched the bottom edge | of the gate. The difference in the C-values is 
e: a of course, due to the use of Eq. 2 for the gate curve. The Hales Bar ra 
"4 were not conducted in a manner that allowed the determination of the: aac 


of contact of the gate with the free water surface. 
The gate opening was measured as the vertical distance “an the. crest. 
This definition leads to the somewhat peculiar variation in the coefficients col 
small gate openings. E In Fig. ‘12(@)t the data for Wheeler Dam are presented. a 
: The Wheeler gate = | positioned, as shown in the insert, with the seal at the 
"high point on the crest. Ww ith this design, except at the smallest csi, 
a the coefficient curves for each gate | position followed the - general p: pattern of an 
increase in C for an increase i in gate opening. _ In Fig. 12() the data for 
- Apalachia Dam indicate that, when the gate seal is 3.99 ft dow nstream and 
0.50 ft below the highest point on the crest, the coefficients for gate openings ~ 
of less than 6.45 ft are increased materially with a a decrease i in gate opening. 
_ This is caused by an arbitrary use in Eq. 2 of an H-v alue as measured above the 
crest” rather than as measured above the elevation of the spillway surface 
below the gate. Thus, although the H-value i is consistently too small at the 
_ smaller r gate openings, the effect becomes more appreciable ¢ and results i in the 
‘Tarwrer-Gate DiscoarGe CoEFFICIENTS WITH ADJACENT 


of tests on the six-spillway-bay model of Wheeler Dam with 
One gate in in operation and with six gates in operation are shown in Fig. | iu In 
: operating with all six gates the contraction effect of the end piers” was the 
_ same as that for the intermediate piers because the model was constructed 


7 at Wheeler Dam, Apalachia Dam, Watts Bar Dam, and Hales Bar Dam are | a3 
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ae with half p piers against the sidewalls of the flume. — ™» meyer yn thus repre 
sented the case in which all adjacent bays are open. 


Errect oF ScALE FREE- DISCHARGE CoEFFICIENTS 
In developing discharge ratings for structures from model 


= 


a ¢ ‘3 data, it is important that the scale at ‘which the model is built be such that the _ 
determined are to the prototype One author 


Adjacent gates 
= Adjacent gates closed 


C, in Eq. 2 


need Coefficient of discharge 
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4 


Ce 


pod head on crest, +A, in feet 

tests was made at the TVA - Hydraulic Laboratory under the joint spon- 

of the American Society for Education, the University 


The rn of the spillway crest and the piers of Pickwick Landing Dam are — 
= shown in Figs. 2 and 1 9(a). Similar techniques were used in all tests with 
one exception. Hook gages reading to 0.0001 ft were used for the 1 /200-scale 
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tests, and gages reading to 0.001 ft were used in in the 1 ids s0-scale | tests and 1 1/ 100- 
ito Yo Discharge coefficients for free flow over the crest of each model are shown 7 
in Figs. — 15(b), and 15(c). The coefficients of discharge were — = 


‘maximum of the curves does not exceed 2%, For 
between 2 ft and 8 ft, the three coefficient curves are almostidentical. At 13 ft 7 
_ the coefficient curve for the 1/100-scale model is approximately 1% lower than 
— those for the 1/50-scale model and the 1/200-scale model. At 43 ft the = 
for the 1/100-scale model is 1% higher than the data for the 1/50-scale model, 
and that of the 1/200-scale model is 1% lower than that of the 1/50-scale m model. = 
‘Because there is no consistent relationship between the coefficient curves, it is 
logical to conclude that these variations are merely the result of experimental - 
error and that the model scale not affect tl the stage-coefficient 7 


validity of the preparation of ratings based on model tests. 7 lov 


The model were made under the general of Albert 8. Fry, 
M. ASCE, chief of the Hydraulic Data Branch of the TVA, and under the > 
_ immediate supervision of G. H. Hickox, M M. ASCE, former head of the TVA © 
. Hydraulic Laboratory, and Rex A. Elder, M. ASCE, head of the TVA Hy- 
| draulic Laboratory. The assistance of Jack C. Jones, J. M. ASCE, is acknowl- 
: edged i in making the ‘computations and preparing the illustrations in this paper. e 


The writer also’ acknowledges the many helpful suggestions m made by Mr. 
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of discussers, conform American Standard 

_ Symbols jor Hydraulics (ASA-Z10.2-1942), prepared by a committee of a 
American ‘Standards: Association with Society representation, an and 
by the Association in 1942: 


= coefficient of discharge for any head: bite 
= coefficient of discharge for the design head; 
coefficient of discharge for ‘submerged flow; pall 
= depth of flow above the crest, in feet (Fig. 1(a)); eaveest feet ve 
= depth, bottom of gate to water surface, in feet (Fig. 1(b)); tw 


aaa tailwater, measured above the crest, in feet Fig. 
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wey _H = total head above the crest, including the vi velocity h head of approach, 
BS Hi, = design head for a standard crest, ‘including the velocity head of 
aluiog h= = velocity head of approach, v*/2 g, in feet (Fig. 
abaodl P = depth of the approach channel, crest to river bed, in feet (Fig. 1 (a)) 
total discharge, in cubic feet per second ; a bow 
' aed v= = average velocity | of approach, in feet | per second; - and rei» 
Y = erest coordinates, in feet. on) 
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By HAROLD Scorn ASCE 


paper the historical efforts to provide ‘drainage and 
water control for central and southern Florida. Distribution a: and utilization of 

a water in the comprehensive plan for flood control and multiple purposes are 


40 


The area, described i in this paper Fig. 1) south of an line 
= Lake Harney (about 35 miles north of Cocoa) i n Florida in the St. ee: 
Johns River basin and east of the ridge that extends ‘heels Haines City and | e ma, 
‘Sebring. The ridge divides the waters which flow into the Atlantic Ocean and 
those which flow into the Gulf of Mexico. Water-control problems. are quite 
common throughout the area, although there are a few variations in topography 
Ef and soil. The area consists of approximately 15,000 eq miles of groveland, | 
pastures, rich agricultural lands, lakes, and marshlands. # Elevations range f 
s ies: approximately 7 ft in the vicinity of Miami and 15 ft around Lake Olecchobes 
“<¢ _ to 80 ft in the area of the headwaters of the Kissimmee River basin. (All — 
‘Stages: and elevations throughout this paper refer to mean sea level data.) 
¥ However, the lands of a large part of the area are ‘extremely flat, and natural 
water courses are not common. — Except for the St. Johns River, the Kissimmee | 
‘se - River, Fisheating Creek, and laf few, y minor streams, most of the water control i is 
ig accomplished by man-made canals. and drainage districts. :" Soils in the area ar 
3 vary from sand to peat with a small amount of marl. . The areas with higher — ces 
elevations i in the he St. Johns Kissimmee River basins consist of sand mixed 
as per 6 in. in. In the low 
- areas and marshes, deposits of peat of thicknesses ranging to several feet are é 
found. The Everglades i is covered with a a layer of peat of thickness ranging to — 
8 ppricimataly 15 ft at Lake Okeechobee and gradually diminishing to zero at 


— Nore, —Published, essentially as ates here, in October, 1954, as Proceedings-Separate No. 521. 
Positions and titles given are those in effect when the paper was approved for a in Transactions. 

a Cons. Engr., Smith, and Hills, Jacksonville, Fla. 
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the edges: From the St. Lucie Canal south to the a of Florida, a low ridge > 
- sand, oneen and marl forms a a divide between the Everglades and drainage 


The mean an annual rainfall is approximately 58 in. Mia, in 
West Palm Beach, and 51 in. in Kissimmee. The mean values are rather ,. 
g deceptive when studied for water-control purposes. — ‘For instance, 10 i in. of a. 
rainfall during any immer month i is quite common. Fu rthermore, 70% of 7 
the rainfall occurs from May to October, inclusive, which is considered the wet — Le 
season. During the wet season, rainfall averages approximately 7 in.a month 
_ whereas the average is } on ly from 2 i in. to 3 in. for thes remaining six dry months. a 
7 ‘The mean annual temperatures vary from 75° F in Miami to 72° F in Kissim- — 


extreme variations not great or frequent. The summer er temper- 
Be atures seldom exceed 100° F; winter temperatures as low as 20° F have been Po 
experienced. _ ‘The: relative humidity i is generally high throughout the area. 
2: Evaporation and transpiration rates are very high throughout the area, 7 
_ particularly where large water surfaces are exposed. Estimates indieate an 

excess of the average: annual rainfall over evaporation of about 9 in. in the 
of Lake Okeechobee and about 12 in. in the Everglades. 
the effect of evaporation is a primary factor in water control. ie eer 

‘Numerous floods have covered the central and southern “Florida ares 
However, the 1947 flood was the n most serious of record. The entire area 


those protected dikes or having a a higher were saved 


in 1942- 1943, and 1945. Those. drowxhts did not occur ecur through a a lack 
_ of water because there were many lakes with an abundant supply, but because c 
_ there was no distribution — to conduct the water to the areas of greatest 7 7 


view of the severe floods and the uneven distribution of 
fall, and the generally flat t topography, th the need for a 


y In order to understand better | the value and need for a hai it appears de- 
. sirable to review briefly the history of drainage and water control in central and ~ 

southern Florida. The first report on the Everglades was made in 1847-1848 — 


4 
E Buckingham Smith, an agent appointed by the Secretary of the Treasury of 
the United States. In 1881 the Board of Trustees of the Internal Improvement _ Ad 


‘Fund contracted with Hamilton Disston and for the. sale of 4,000, 
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be 
mee, le areas Provided DY Ue lakes Marshes and the Proximity of 
— 
— 
under Waver exc d 
d a few high areas in 15,000 sq miles. The water was not able todrain tothe 
wry because it was hindered by the low ridge parallel to,and5to10milesin- 
and from, the coast. The storage areas are shallow and have a limited cap- 
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WATER CONTROL 


a acres of land. Mr. Disston sical his efforts in the Caloosahatchee and 
‘Kissimmee River basins. The Everglades, approximately 2,862,080 acres of | 
land, was conveyed to the State of Florida in 1903 under the Swamp and Over- 

q flow Land Grant Act of September 28, 1850. That area has presented one of | 

the most | difficult engineering p problems. Ale 
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_ The state’s drainage’ plan for the Everglades was started in 1905 sad te 
Legislature adopted a drainage law providing for the establishment of boundaries 
of an Everglades Drainage District. Actual construction was started in 1906; e 
by 1912, eight dredges were at work on canal excavation in the Everglades. oh 


District was created. The Board of Commis- 
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Fra. 3. Wonxs OF THE EVERGLADES ENGINEERING Boane or ‘Review 


i imine of the Everglades Drainage District and the Board of —— ne, 
a _ ‘Internal Improvement Fund requested that a report be made by the Florida ~ 
Everglades Engineering Commission. The report contained recommendations 

f fe approximate locations of canal routes and estimates of cost for reclaiming 
ae Everglades. By that time the North New River Canal, the South New — 
_ River Canal, and the Miami Canal had been excavated. — _ The Cypress Creek 
the Saake. Creek Canal, the ‘Snapper ‘Creek Canal, and the Hillsboro. 
Canal were under construction; a contract had been let for the West Palm 
Beach Canal. The plan of the commission recommended additional canals 
_ (Fig. 2) which were designed to o drain the area byt means of gravity with, no ) pro- 
vision for pumping. . Also, no provision was made for storage except in Lake 
Okeechobee. Because the Everglades was predominantly sw ampland and be- 
cause tk there appeared to an abundant supply of water, the nee need for say 

In 1927 the Everglades Engineering Board of Review prepared ¢ a report in 
which a system of arterial drainage canals” was proposed (Fig. 3). _ The plan 
contained in the report substantially reduced the scope of drainage of the 

Everglades. However, the plan had one important advantage over that of 

19138, j Canals marked B, C, E, F, J, L, and Q followed the most direct aline- ' 

ment to the Atlantic Ocean. Consequently, they ‘would have provided m more 
effective drainage if their capacities had been of sufficient magnitude to serve 
their tributary areas. — However, little use | was made of the lan because the — 
_ Everglades. Drainséh. District defaulted on its bond pa paymen nts on January 1 
1931, and almost all construction ceased. In 1931 the water-control taliiee 
_ were, in general, as shown in Fig. 4. ~ During the next decade the works of the — 
Everglades Draifiage District deteriors ated ; canals became filled with hyacinths, 
the locks fell into disuse, damage was sustained from either too much water or 
water, and the entire project become ineffective. | 
After the 1926 and 1928 hurricanes the local residents made numerous re- 
4 quests of the federal government for assistance. As a result of those requests, . 
ee Caloosahatchee-Lake Okeechobee Drainage Area Project was authorized. 
oT project consisted of 75 miles of levees around the lake, hurricane-gate _ 
ha _ structures, locks on the St. Lucie and Caloosahatchee canals, and the enlarge- ’ 
a _ ment of those two canals. Although that construction helped the water-con- 
trol problem of Lake Okeechobee, the Everglades still lacked adequate facilities. 
‘Troubles + with water control continued, and oo for assistance w were 
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Satis in the basins of the Kissimmee River and the apps St. Johns i 
‘Most notable are the numerous drainage districts astride the eastern divide 

between the upper St. Johns and Indian river basins from the vicinity of Stuart | 
to Rockledge (Fig. 1). _ An active program to join the lakes by canalization in 


headwaters of the Kissimmee River basin was also initiated. 


ne 


By 1947 the Corps of Engineers (United States Department of the Army) a 
at had received thirteen authorizations for i in the central and southern 
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WATER CONTROL 
on the great need for a a comprehensive | plan for the area was recognized, ‘report work 
Bos _ was started at an accelerated schedule. However, before the report could - 
ag completed, the area was subjected to one of the \ worst floods o of record. — me | 
report, ? which submitted a plan | for major | water-control works, was completed — 
in December, 1947, and about one-third of the work pomeeers therein was. 
authorized by the United States Congress on June 30, 1948. The primary 
_ purpose of the authorized portion of the plan was to provide a a line of levees from 
_ Lake Okeechobee southward toward the vicinity of Homestead, between the 
Everglades and the developed coastal ‘area, and the developed cagri- 


comprehensiv plan (Fig. _1) shows that a a primary 
_ framework of water control has been developed. _ The structures are designed 
_ to remove water during flood periods with a minimum of damage and to protect _ 
ground-water su supplies during droughts. In the plan were proposed improve- 
_ ments in the four partly nai natural drainage basins that have closely related water- 
control problems; these basins are St. Johns, Kissimmee, Lake Okeechobee- 
: _ Everglades, and the east coast from the St. L ‘Lucie Canal sou south to the ‘southern 
_ Overdrainage of the St. Johns River marsh area would seriously affect look 
a. water supplies. _ Therefore, i in the plan it was proposed t that those marsh areas . ‘ 
be maintained at their present limits by providing levees at the northern outlets” 
of Lake Poinsett and Lake Washington. By providing canals from those two F 
icenres and Lake Wilmington to Indian River for the discharge of excess flood- 

- waters, the e depth and duration of flooding now - experienced by the adjoining 
lands would be reduced. The Belcher Canal, the Diversion Canal, and the 
canal along the St. County line would b be developed and provided 

In the Kissimmee River basin, the canals between the headwater lakes” ; 
¥ would be improved and provided with water-control structures. _ The project 
would include the improv rement of the Kissimmee River between Lakes Kissim- 
. 4 mee and Okeechobee. Canals and control structures would be provided of 
Lake Istokpoga and the area south to Lake he we 
Tn the Lake Okeechobee-Everglades area the 
x pom of the St. Lucie Canal and the Ghdeentheabien. River to control the lake 
a better, to raise the levees for greater protection, and to increase storage 
in the lake for beneficial purposes. Levees would be provided surrounding — 
4 1,000 sq miles of rich agricultural land immediately south of the lake. Levee8 — 
* at present (1953) completed and Levees 1 and 7 are under construction. 
Some of the differences between en the current comprehensive plan and any other 
j es were the provision of large pu pump stations to control water levels in the a 
- entire 1,000-sq-mile area and the setting aside of approximately 1,400 sq miles” 
. — of the Everglades: for water storage and conservation purposes. These lands 


“Comprehensive Report, Central and Southern Florida, for Flood Control and Other Purposes,” 


Jacksonville, Fla., December 19, 1947, House Document No. 648, 80th Cong., 2 2d 
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rt ‘The east-coast area would secure water control ‘through improvement of 
existing canals capable of carrying storm runoff rapidly to the ocean. | ‘Water-— 
. — control structures would be provided near the lower ends of the canals to control - 
ground water and to retard the salt-water flow upstream. _ 
Because the authorized part of the comprehensive project is situated in the | 
Everglades and east-coast areas, problems of water control in those areas 
In order to meet the needs of the region and to achieve optimum use of the 
available water, it is necessary to store large quantities when excess water is is 
available and to restrict wasteful discharge to a minimum. Maintenance of a _ 
supply in Lake Okeechobee and in areas: would provide 


Water supply for agricultural areas; 


¢, Improvement and replenishment of east-coast well fields and streams 


Salinity control for east-coast areas; 


Recreational facilities on Lake Okeechobee and related waterways; 

 f. Increased navigation depths in Lake Okeechobee and related waterways; wa 

_ g. Conservation of peat and muck lands of the agricultural area; and oe 
A Conditions favorable for the propagation of fish and wildlife in er: 


Okeechobee, the conservation areas, and Everglades National Park. 


A study of the use and distribution of available water requires a Kiowteigs 
of the optimum and n normal requirements of the areas for the benefits cited — 
herein, the present and ultimate demands of the affected areas, the total water — 
© supply available, and the amount of available water that can be distribute 
satisfy the e: entire or partial needs of those areas. 
has The principal areas s that would benefit rane or be affected by, the sources sources : 
and quantity of water that would be made available by the construction of is 
project impoundment facilities are the Everglades area and the adjacent cat 
r coast. This region averages 40 miles in width, extends part of the way around 
the eastern and western shores of Lake Okeechobee, and extends southward ap-_ . 
proximately 100 ) miles from tk the lake to the southern tip of Flor ida. hod includes 
the entire lower east coast of F lorida—the n narrow coastal ridge where West 
Palm Beach, Fort Lauderdale, Miami, and many smaller communities are_ 
located. The major water-demand areas are: (a) The Lake Okeechobee agr i- 
ares, (b) the Lake Worth ‘agricultural area a and adjacent east-coast 
areas, (c) the Davie and Plantation agricultural areas and adjacent east-coast : 
; areas, (d) the Davie and } Miami i agricultural areas and adjacent east-coast ¢ areas, _ 
and (e) the Everglades National Park. The sources of water supply for those 
areas, the resulting benefits, and other pertinent data are listed in Table1. 


available water storage in Lake Okeechobee for the agricultural area 


lowest lake stage acceptable to local agricultural and navigational interests. - 
the minimum lake stage be not lower 
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fallen 13 ft times in the thirty-eight years of The maxi- 
a mum acceptable conservation-pool elevation depends on the stage at which 
aa seepage damage to highly developed lands on the lake margins would be great raisin; 
enough to require appreciable remedial _measures. Attempts to maintain an 
conservation-pool stages in excess of that level would necessitate establishing ft 
a buffer strip adjacent to the landward toe of the lake levees from the vicinity va storag 
of Port “Mayaca ti to Moore Haven and constructing a ditch to collect seepage ll 
water to be convey ed to the main canals of the agricultural area. Because the a 
on pu 
"required strip would include highly developed agricultural lands and would pote 
require relocation of highways, br idges, and other structures, the cost would be by - drains 
TABLE 1 1. Source ‘OF WaTER Surpty 4 AND oF DE DEMAND water 


of demand square | Area of square ‘Benefits 


Lake Okeechobee 730 Kissimmee River Basine 812 Navigation, recreation, fish € 


- 


a 


Conservation area No.1 | 


and Plantation agri- | Conservation area No.2 | Water for and 


Miami agri 220 | Conservation area No. | 
cultural areas 


Conservation areas 
_ Everglades National Park Conservation area No. +. |Fish and wildlife, birdlife, 
© u areas of numerous streams in t vinant east an 10 e shores. 
sq miles drain to the Caloosahatchee River. 


‘considerable. The results of several routing to determine the 


volume of storage that could be economically provided for agricultural use, 
assuming maximum cor conservation | pool elevation at 13 ft, 14 ft, ‘15 ft, and 16.4 ft, 
_ are shown in Table 2. If the uj upper limit of the conservation pool had been at 
- (16. 4 ft, the > volume | of f agricultural- use storage, approximately 2, 440, 000 acre-tt, | 
would have been adequate to ‘o meet all requirements arising fr om the ultimate 4 
development of the area in the thirty-eight years ¢ of record except i in 1922 when 
z lake would have been below El. 10.5 for four ‘months, _ Under the same 4 
conditions of storage, nearly all the capacity would have been needed to ‘satisfy 
requirements of the two next driest years. Approximately 400,000 acre-ft of — 


additional storage would have been needed to satisfy ful fully the ) agricultural re- re- 
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*4 WATER CONTROL 221 
quirements in 1922 assuming that the ultimate development would not drop Be 
below El. 10.5, but this amount of water could not have been stored without 
7 raising the lake to above El. 17. However, by assuming that water was stored 
ing an elevation above 17 ft, the lower limit would have been higher than 10.5. i 4 
in 1922. Increased benefits resulting from the for: additional 
"storage at this time would be relatively insignificant. 
Water control in the agricultural area south of Lake Okevshobes 
on pumping. The capacities chosen for the pump stations and agricultural _ 
- anal are those required for the removal of 0.75 in. of rainfall p per er day fromthe 
drainage area. “Toes capacities were selected after investigations of rainfall, — 
flood duration, and crop losses. - Based on long-range considerations, as much ~ 
_ water as possible should be stored and the remainder should be ‘discharged g 
i through the Everglades National Park in order to obtain the maximum benefits 


‘Routings, which were computed for the three conservation a areas, established 4 
Ry ‘pool — of VW ft and 15.9 ft to provide the maximum water-control bene- 
‘TABLE 2. STUDIES FOR SroraGeE: 


MY 


capacity Demanps Nor 
conservation available for — SATISFIED 
pool elevation, below | agricultural use, 


in feet 10. . 10. of 


1,038,000 
2'325,000 


fits for conservation areas No. 1 and No. 2. In conservation area No. 3 the i 
surface storage was found to be limited not by the capacity but by the available 
supply. The conservation pools would be used primarily to 


_ The water requirements of areas of the region were deter- 


mined, — The major requirement of the region is supplemental water to permit 
orderly development of agricultural lands lying south and east of Lake Okee- 

Fs chobee and also those lying east of the conservation areas, although municipal 

* water demands during the course of the project may require supplementing of © 

Es existing supplies. _ The provision of : an adequate water supply to meet Na 
two. fundamental requirements for the development of the area would constitute 7 

h making the best use of available water. Such a provision would also provide 
supplemental benefits in | the “maintenance of sufficiently high ground-water = 
levels to conserve peat and muck soils and would assist materially in restricting — 7 
the intrusion of salt water into coastal lands. A It is also apparent that the crea- a 


of additional water would provide attendant to fish end oa 
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= i t the 1 major subdivisions of the 1 region of demand. “tS 


Municipal water supply for the coastal urban some- 
q what | on n releases of water from the conservation areas; however, the major part — 


m ground- water sources that would be 

‘maintained by rainfall, by seepage of water from nearby farm areas, and by 
_ seepage from the conservation pools and from several lakes. Because the 

_ existing water supply for the area would be adequate for ultimate development — 
under normal conditions, any additional water that might be required during © 


severe droughts would be available from increased seepage from the conserva-) : 


and agricultural areas, wel so qui baa hog he 


Routings were computed to determine the flow distribution of a design 

- flood, an average water year, and a drought year (Figs. 5, 6, and 7). The dis- : 
_ tribution of the design fl flood (Fig. 5) is similar to that which would occur during» 


3. —PRESENT | AND Prospective WATER | ConsUMPTION bone 
FOR PRINCIPAL AREAS OF DEMAND 


DeveLopMENT—Y EAR 1950 if DEVELOP 
| Water 
acre-feet 
Lake Okeechobee | 
agricultural area. 
Agriculture 
-|\Municipal 
avie an nta- 
riculture 
areas 
Agriculture 
\Municipal 


= 


any large flood ; the larger the , flood, the more { the water which will have to be 
7 discharged through the St. Lucie Canal and the Caloosahatchee Canal, ,and into 
_ Everglades National Park. The distribution of the average year (Fig. 6) is 


representative of long-term | utilization and was developed from twelve years of 


record. ‘During the average year, evaporation claims the greatest. quantity of 
water; only a mall amount is discharged for nonproductive uses, indicating 
on _ that only a small increase in land area can be supplied with water during normal 


ti times. x Data for the drought year (Fig. 7) shows how critical the water supply 3 
. will be; no water will be discharged for nonproductive uses and only a small ie 


“tg on Fig. 8 the utilization of water is shown in percentage of the total available 


_ water supply. During the average year the water that is discharged through it 


the ‘West Palm Beach Canal and the Hillsboro Canal i is available 1 in conserva- 


The significant perpose in these distribution routings is indicate the 
volume of water available to the area. in addition to pins area pre- 
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Population and water consumption included in the values for the Lake Worth area. ” 
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-s viously m mentioned for which water ery be adiies dusing on an average year, 


there are thousands of acres of lands in the adjacent area—that is, in the ~ 
counties of Hendry, Glades, and Palm Beach—which 
_ must have irrigation water for complete development. The owners have al- 
ready requested a supply from Lake Okeechobee. It is apparent that insuffici- 
ent water is available to supply all these lands in s ‘addition to the ee 
area and the east-coast area. Some plan must be developed to determine which, 


lends wil] be supplied from Lake Okeechobee. aA. \ 
Pore law does not permit the Corps of Engineers to develop a complete 
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canal distribution, ,or collection systems, or local storage areas. Such a 
development, hich would be included in the comprehensive plan, local 
_ responsibility. ~The central and southern Florida Flood Control District, a 
state agency representing local interests in water-control matters, has adopted a 
_ secondary distribution-and-drainage plan for the Everglades agricultural area. 


This plan includes the small drainage districts and landowners’ works in addi- F 


_ tion to the canals and controls that would permit the maximum benefits _ 


In order to realize the ‘maximum development throughout the central and 


be realized from the primary comprehensive plan, = 


« southern Florida , area, it is imperative that a ‘secondary water-control plan all =, 


_ prepared for the entire 15,000 sq miles. © 
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JIVID 10 YT MADIAIMA 
standing by local residents of the inadequacy of the water supply in the area 
and would produce a cataloging of possibilities for water supply, land use, 

- storage. . The plan would result in classification of lands that are susceptible to a 
‘complete water control and of those that would have only limited facilities. 
; s The flood control district, in cooperation with i individual counties in t the area, 7 

is developing a secondary | plan. The | problems of water control are being 
by the people of Florida. = = 


Water control in ‘central southern Florida has under intensive 
ever since the first white settlers arrived. Primary efforts ir in a this 
- field have been made by the state and federal governments. The existing com- 7 
_ prehensive plan for flood control and other purposes forms a basic framework Y 
for satisfactory water control in the area. Studies indicate a greater demand | 
for water than can be supplied throughout the entire region. of Planning i is 1 nec- ia 
essary to develop ‘those lands which would yield the greatest benefits by being g 


The studies described in this paper are those of the Planning and Reports” 


Branch ch of the Jacksonville District, Corps of Engineers, under the ‘supervision — - = 
3 the writer. He wishes to thank the Corps of Engineers for permission — 
use “the material presented herein and to express appreciation to his 


Sociates in the of this paper. Fol 
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PUMPING GROUND WATER FOR IRRIGATION. 


By CLEvE H. MILLIGAN," A. M. ASCE 


yd ott lacy Divew { qolaveb ol VU 
Ground water is an important but neglected national resource. Existing 


‘deviant illustrate the need for planned utilization of ground water which 
_ Produces both irrigation and drainage benefits. — Physical | data, legal concepts, 


to stimulate and guide sound ground- water development. los 


Pumping ground water provides | both irrigation : and drainage ; this fact is. 
dma in California, gy) Colorado, New Mexico, Utah, and other 
_ However, there is little mention of ground 


Missouri Valley, an 
- tion in the plans of both surface water and ground water ne delay dodene 
- i, Data needed for planning ground-water utilization are meager, and 
there are many legal and administrative problems; these factors have delayed _ 
sf the utilization - of ground water. Nevertheless, any future ground-water 
; development i in the basins cited will probably be initiated as a result of in- 
effort; this” has characterized many past underground- water 
‘The costs of future irrigation projects will ‘be enormous. Before this 
expense it is undertaken consideration should be given to the utilization of 
4 a: water and ground- water-storage reservoirs, in addition to surface-water _ 
4 development. This utilization should be an integral part of the development — 
of the water economy of "the | basin. — Ground-water ater reservoirs 1 may have ade 
"vantages over surface reservoirs in that they may provide economical hold-over _ 
a storage for many years with minimum evaporation losses. Also, utilization of — 
4 ‘ground ¥ water produces two benefits—additional wate water is provided and and ae 


—Published, essenti as printed here in February, 1955, as Precesdinge-Seperate No. 618. 
4 ‘ositions and titles given are those in effect when the paper was approved for publication in Transactions. 


Gr. and Irrig. Eng., Utah State Agri. College, Logan, Uteh, 
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In the p past fifty ye years the selec the United States has doubled, 3 
and both agriculture and industry have expanded at tremendous rates. In 
order to meet increasing future demands many states are seeking to develop 

The President’s Materials Policy Commission, in its report, ‘Resources 
+g _ for Freedom,” estimates that water use will nearly double in the nuclear 


i = _ This increased use will result from such developments as nuclear 


United States, air waste disposal, new irrigation projects 
in the west, expansion of industry, increase of population, and many other _ 
developments. meet these needs, the utilization of ground water should 
not be overlooked. Ground-water reservoirs often have tremendous hold-over _ 
_ capacities and other advantages not possessed by surface reservoirs. More- — 


; over, pumping from underground reservoirs may relieve or alleviate drainage 


8,000, 000 acres of land in western states need 
_ Unrestricted, or unplanned, pumping has created problems in some areas; — 
these problems include excessive land settlement, salt intrusion, and high 


‘pumping costs. However, probably not more than 5% of the -water 
resources have been are more than 100 ground-water 


_ developed. © ‘Additional 1 means of recharging the underground reservoirs may 
‘aelve the problems created i by high pumping rates i in oes areas where pumpage ~ 
annual draft. 

‘Some ‘authorities* claim that ground water is one the most neglected 
national resources. Although there are too few statistics to permit an accurate 
appraisal of such a claim, there is “some justification for it.  Water-loving 
plants in the wet areas of the west probably transpire about 25,000,000 acre-ft 

bi water per yr. This is approximately twice the annual flow into Lake Mead 7 


“but it does not include evaporation from natural evaporation pat pans, such ¢ as - 
Great Salt Lake (Utah), which receive part of their supply from underground» 


"sources. This great waste may indicate that the “last water holes” are in the 


“Man’s 8 ingenuity ¥ was, perhaps, first in procuring waters it 
ently not improbable, that the art of constructing wells was more rapidly 
carried to perfection than ‘any other.” ” { 


ha 
The Bible contains many references to wells—early Biblical romances }were 


enacted at wells—and Joseph’s well in Cairo, Egypt, i is stillin operation. =~ 


§“Hydraulics and Mechanics,” by Thomas Ewbank, wbank, Charles and Co., York, 


ost “The Conservation of Groundwater,” by H, E. Thomas, McGraw-Hill Book Co., New York, N. 
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GROUND WATER 
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The well was ws and still is, in many areas, the center of religious and social 
a activity. These areas include si southern Europe, the Middle East, the Far 
Latin America, and many islands of the sea. The pagans = 


their wells; the Greeks consecrated them to their gods; the Moslems constructed é 

- - Mosques over them ; and the Hindus constructed temples near important wells. 
boiim many countries the development of ground waters far surpassed the 

j development of surface waters. The ghanats of Persia are of great interest 
4 because they serve not t only : as a source of water for municipal and agricultural — 
purposes but also deep drains which have prevented waterlogging and 
4 alkalinity for centuries. The ancient Chinese drilled wells as deep as 3,600 ft 
primitive ehurn-drill methods; some of these were cased with 
The French "developed ‘modern drilling methods. which were introduced 

- into. the United States in 1850. The first wells for culinary purposes were 
drilled in Charleston, 8. C., Louisville, Ky., and St. Louis, Mo. The oil- aon. 

“industry gave well drilling its greatest impetus. __ 9% 

Historical ground-water developments illustrate the importance of 


water in the development of civilizations. ‘The ground-water development 


sic 
- projects have usually survived the ravages of time and many are still in use, 
_ whereas many great historic projects to conserve surface waters are no longer 


PRESENT Urinization ; 


In the United States approximately 20% of the water utilized for industrial, 


— 


- municipal, and agricultural purposes comes from ground-water sources. This 
ground~ -water use is approximately 30,000,000,000 gal per day, which is 
7 _ valent to a continuous flow of 46, 500 cu ft per sec. c. This stream would produce 
Bs 500,000 acre-ft per yr, or more than enough to fill Lake Mead in one year. 
a Approximately 14,000,000 acre-ft of ground water were utilized in in seventeen 
western states in 1945; of this volume 11,000,000 acre-ft were used for irrigation. 
a ip 1950 California pumped approximately 10,000,000 acre-ft of water from | 
_ underground sources. There are more than 54,000 wells in in Arizona, California, % 
4 Colorado, Idaho, and Utah. If these wells were all ‘pumped simultaneously : 
_ into a common stream, the resulting flow rate would be approximately 75,000 
cu ft per sec, which would fill Lake Mead in a little more than one-half year. 
‘ Pumping from ground- water 1 reservoirs involves. a considerable investment in 
- well-drilling machinery, wells, pumps, and water distribution facilities. = 
Some of the development to date (1954) | has been haphazard and not — 
pr se i to a systematic plan based on good physical and hydrologic data. 
has resulted in annual pumpage in excess of annual recharge, salt-water 
intrusion, and, in a few areas, growing pumping costs. However, the problems 
which have resulted from haphazard development merely emphasize the need — 
= _ for planned utilization and should not deter the maximum safe development of 
Present ‘utilization of ground water has. the feasibility of 
pumping for both irrigation and drainage and has illustrated the 


J which must be considered in the future planned utilization of ground water. 
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“pai 
water supply i in n Texas comes from sources. at ‘The use e of 
ss doubled in nine years; in the same time, the use ofy water for irrigation 
7 multiplied four times. at ‘The rate of ground-water utilization i in many parts: of 


4 This i is especially true in the high plains of Texas where the oil pumpage is 7 
. estimated to be twenty times the annual recharge. In 1934 i in the high plains — 
am area there were 300 pumped wells which irrigated 16,000 acres. In 1948 there 
were 10,000 wells irrigating 1,000,000 acres. At the present time pumped 
wells irrigate approximately 2,500,000 acres in the high-plains region. Devel- 
opments in this region illustrate the need for planned utilization of ground 
water so that the average annual draft can more nearly approximate the — 
Modesto Irrigation District: —From 1907 to 1922 the Modesto 
~ Irrigation District spent $356,000 for the construction and maintenance of 
- regular gravity drains for 45,000 acres; in 1922 the district drilled its first 
- drainage well; by 1939, there were 77 pumped wells which pumped 207 cu ft 
_ ~per sec. T he total construction cost of the wells, pumps, and pipelines was 
- $159,000. The comparable cost for gravity drains and facilities was $308, 000. 
‘The operation and maintenance costs for the pump system was $60,050 com- , 


pared to $148,700 for the gravity drains. Power costs for pumps amounted 
$393,100. However, the value of the pumped water utilized for irrigation 7 
| at $1.36 per acre-ft was $612,050. The cost of drainage with the open drains — wr 
_ was prohibitive. Thus, pumping ‘from’ ground-water sources produced both — 
_ irrigation and drainage benefits with considerable financial advantage for the _ 
California, Central ‘Valley. —Ground-water development. has been rapid 
since 1910. By 1919 the total capacity of wells in the San Joaquin Valley was : 
_ 7,300 eu ft per sec, and | by 1929, 20,600 cu ft persec. The usable underground- 
reservoir capacity is approximately 20,000,000. acre-ft. 1948 there were 
approximately 35,000 pumped wells in the San Joaquin Valley with a gross y 
pumpage of 7,000,000 acre-ft. The annual recharge is about 2,000,000 acre-ft. 
| Plans are being made to increase the r recharge, and pumping - ground water in 
the Central Valley has practically eliminated drainage problems. Because of i 
f _ the utilization of underground-storage reservoirs, deep percolation and seepage 
from canals and ditches are ‘relatively ‘unimportant so far as utilization of 4 
water in the basin asa whole isconcerned. Jo 
. Utilization of ground water and of the reservoirs which 1 store it is of great 
economic importance | in the Central Valley. Surface-storage reservoirs 
—- with the great underground reservoirs. Although the annual use 
from the reservoir exceeds the annual recharge rate, one cannot state that — 
| development has been excessive until all possibilities of increasing the annual | 
recharge have been fully developed. When a surface reservoir fails to fill, — 
‘Means of getting additional water into the basin are The same 
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ROUND WATER 
Salt River Valley. —Irrigation 1 was in the Salt 
— sa River Valley by completion of the Roosevelt Dam. Drainage became a 
> “4 problem in 1918 because such a problem usually follows irrigation develop- 
: ments. In 1920 and 1921. the Salt River Valley Water Users’ Association © 
_ pumped 50,000 acre-ft of ground water in order to alleviate the drainage 
_ problem and at the same | time to provide additional irrigation water. In 1922 © 
’ the volume of pumped water was increased to 100,000 acre-ft, and i in 1948 the | 
os 7 total was 400,000 acre-ft, which is one-third the irrigation water supply. The 
water table is now. at an average depth of about 50 ft, and pumping ground 
has solved the. drainage This is an example of the two benefits 
utilizing 000,000.11 allow 000.01 otaw 
ets A Private Ranch in Idaho, —The benefits of pumping ground water for both 


g irrigation and drainage are illustrated by a development on a ranch near Arco, 
Bean This example, cited because of its simplicity and because it was 
within the economic reach of | an individual farmer and his sons, illustrates 
on small scale some of the possibilities on a ‘much. larger scale of 
_ ground-water reservoirs in the west. Twenty years ago this ranch was a 
_ marginal enterprise mainly because of an inadequate supply of late-season n water 
= for the higher lands and because of the waterlogging of lower lands. This — 
_ paradox exists in many areas in the west—low productivity of the if 
Jands because of an inadequate water and ot the 


“soll that eould not be. irrigated without excessive seepage from irrigation 

- ditches and d deep percolation losses from the irrigated soils. _ Also, the land 
was steep so that excessive surface runoff accompanied irrigation. of 
_ the ranch was situated on low-lying river-bottom land which produced —t 

_ pasture grasses and other water-loving plants with high consumptive-use rates. 
7 The water losses from the higher lands produced waterlogging of the lower | 


- A ravine, which was rather deep in the upper lands and shallow i in the lower 
7 r lands, extended through the ranch. It served as a natural drain for iathantite oi 
: waste water from upper lands and for floodwaters from precipitation and snow- . 
q melt. Flow im the ravine was erratic but it contributed to the drainage 
problem in the lower lands. The rancher’s best water right, from the point of | 


view of the volume of water, priority, and seasonal distribution, was on the , 

ditch serving the lower lands. Even though the soil was already filled with — 

_ water, the rancher always used the water on these lower lands because of the : 

- 3 - possibility of losing his right through disuse. Thus, he further contributed to 3 

: tate rancher and some neighbors hoped that the dam on the river, from 

A : which they | received their water, would be raised so that additional late-season — 

Bee could be provided for the high benchlands; this proved uneconomical. 


Here i is the solution produced by the rancher and his son with some technical — af 
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«adequate water for that area. Two pumped wells-were installed on theilew- 196 


SOCI£’ PY oF v rk 
land, The rancher’s:sons an old drilling rig a 


it. They then) drilled their, own wells. . During the slack season on the ranch 
small/dam was built across the ravine with their equipment. This provided 
¥ a small reservoir of approximately 50 acre-ft of storage capacity. The reservoir — 
fills from two to three times during a season with waste water from the higher 
lands with floodwaters. Water from the surface reservoir and from the 
cs two pumped wells provides an ample water supply for the lower lands. | Ex- — 
cessive seepage from ditches and reservoirs does not cause the rancher much — wi. 


_ worry because these waters are almost all reclaimed by the two pumped wells, | - 


In addition, the water table on the low lands has been lowered sufficiently — 
: to make the pastures highly produetive. _ The difference in consumptive use 
. between the water-loving plants and the high-grade pastures has resulted in a a 
net savings in water. Even if the consumptive use had been the same, the 
exchange of a poor pasture for a good one was a sensible business venture — Cc 
because the ranch has been transformed from a marginal operation to a profit 7 
7 able enterprise. Je w seno odt al 
Individual farmers could profit by the foregoing example. Its principles 
should be in the planned utilization of water resources on a basin-— 


v2" There is ‘a need for adequate consideration of. ground water in planning — 


future. projects, but ground-water development problems 


al 


* and geologic data. — If water resources are to be fully and ‘efficiently utilized, a 
g an inventory of almost every aspect of the hydrologic cycle should be made. an 


> 


The measurement of and surface runoff has been adequate 


~~ contributed to the inadequate consideration given ground water in water- 
development projects. The recommendations‘ of the Hydrologic Subeom- 
mittee of the Federal Interagency River Basin Committee on basic data needs — 
are inadequate with respect to ground-water development. ‘This illustrates _ 
_ one of the difficult problems which must be solved if ground water is to receive 
ample consideration in future water plans. = & 
There is a lack, too, of adequate geologic data on. the size, configuration, — 
water-yielding capacities of underground water‘ reservoirs. 
good data is expensive, but if millions, and sometimes billions, of dollars can be 
expended to construct some ‘of the projects proposed forthe future, the costs 
of obtaining good basic data upon which to base such tremendous aco 
Legal Problems.—Legal definitions, classifications, and concepts have 
4 tended to limit development and full utilization,of ground water in some areas. a > ¥ 


‘4 “whe Conservation of Groundwater,” by H. E. Thomas, McGraw-Hill Book Co., New York, N.’ % 
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GROUND WATER> 
‘The ¢ classification and se separation of surface wa eine from — water and, in 
any instances, the application of different rules to them, has limited ground- i 
water development. cat Uniform policies and rules are the ad- 
ministration of all water whether above or below ground. Actually, under- 
ground and surface waters are so closely related in the hydrology of a basin 


that it is academic and impractical to Separate thems 4) ‘baw fa 


_ This is partly due to the lack of basic data and partly to the failure of the 
_ courts to make due allowance for | changing conditions and demands. In 


- Some court decisions have tended to limit future gr ground-water development. wi 
¥ Utah, for example, ‘courts have rendered decisions which make junior ag 


_ propriators of ground water liable for damages resulting from lowering artesian 7 


Pressures in flowi ing wells. This he has discouraged full development of un 


storage. In the case of development of surface waters, however, the courts 
have not guaranteed the original means of diversion of water. This is typical — 
of some of the inconsistencies in court decisions. In some states there is no i 
legislative control or constitutional control of ground-water development. 
_ Control is based largely on court decisions, but often court decisions are delayed re 
until after irreparable damage has occurred. vol head « et 
‘These legal problems must be resolved even though to do so will be difficult. . 
__ However, it may be no more difficult than the consummation of a river compact — 
_ or the working-out of the large number of water-right exchanges that will be 


courts guaranteed the means of diversion of the water from 


Administrative Problems.—The coordinated development and utilization of 


_ ground and surface waters on a basin-wide, and frequently, : an interbasin basis — 

_ will require the solution of many administrative problems. _ A closer coordina- — 
° “4 tion of the efforts of separate agencies which deal with surface and underground ~ 
- waters will be necessary. Perhaps these agencies can be merged into an pate 


9 agency to plan, develop, and administer all waters. uf Another mane will be 


utilized on higher lands and pumped water on lower the 
water table on low lands in order to reduce consumptive waste and to improve — 
7 drainage will alter the regimen of stream flow on the lower sectors of streams. 


a “Ground water is a neglected natural resource. 
oping m many of the great river systems seldom nar the utilization of ground © 
water. Existing developments: demonstrate the economic importance of 
a ground water and the need for planned utilization. They also show that 
ground water produces two benefits—drainage and additional 


irrigation water. Physical data, legal concepts, and administrative principles — 
amd practices must be improved and developed to stimulate sound develop-— 
ment’of this resource. otexiliix b fa $0 amqole vob trail ot bebsast 
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_ MOMENTS IN DOMES BUILT INTO CYLINDERS 
JoHN V. HUDDLESTON, J. M. ASCE, AND Al 
wie taller nail Mario G. SALVADORI,? M. ASCE 
In thin shells of revolution that are symmetrically loaded and built into 
vertical -eylinders, significant moments occur in the neighborhood 
4 These moments and the accompanying shears” (under load and 
ai load) are evaluated approximately herein for domes having vertical boundaries. _ 
_ Membrane displacements and rotations at the dome edge are first determined 
and moments and shears are found that satisfy the the requirements of continuity + 
The results are plotted as nondimensional curves allowing the im mediate 
% evaluation of moments and shears in the range of parameters usually en- 


In the investigation o of thin shells ‘it is commonly found that, in large parts — 
gz of a shell, only membrane stresses are developed. How ever, bending moments 
“4 and transverse shears are required in some parts of the shell (for example, — 
near boundaries) in order to eliminate the discontinuities lities predicted by mem- 
gD _ The purpose of this investigation is to facilitate the approximate determina- 
tion of bending stresses at the edge of certain types of shells of revolution 
(usually termed “domes”). _ The type of shell considered has a vertical axis 
~ of rotation, is loaded symmetrically with respect to that axis, and is built into | 
a circular cyl linder with the same axis and 1 radius as that of the shell at the et 
“§ juncture. This investigation is concerned with the effect of dead load and — 


* live load, and particularly with the evaluation of bending moments and 


- transverse shears caused near the junction of shell and cylinder by such Joads. 


The standard procedure for such an investigation consists in determining first 


“ - Nors.—Published, essentially as printed here, in August, 1955, as Proceedings Paper 772. _ Positions y "| 
and titles given are those i in effect when the paper was approved for publication in Transactions. ee 
1 Instructor in Civ, Eng., Columbia Univ..New York,N.Y. 
Prof. of Civ. Eng., Columbia Univ. bas to : 
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JIVLO FO SPAIMA 
the displacements and rotations at the edge of the shell due to membrane 4 
> stresses. To restore continuity, the edge moments and shears must produce — 
equal and opposite displacements and rotations, which can be computed with | 
7 - close approximation by substituting for the part of the shell near the edge a 
= part. of the cylinder tangent. to the shell, provided the thickness of shell and 
_ eylinder are small in comparison with their common radius (the Geckeler 
Membranes of Revolution U wer Dead Load.—A shell of revolution is con- si 


_ sidered to be formed by the rotation of a meridian curve, y(z), about the y-axis ie 
(Fi ig. 1). | The p principal radii of curvature at any point (z, y) of the shell are 7 

1, and r2; 7; is the radius of curvature of the surface in the meridian plane | 
(that is, the radius of of | curvature of the meridian itself) and r; the radius of © 


Original positio 


4 ‘between the normal to the shell and the shell axis is i The folowing assump- 


tions are made in this investigation : — 


L. The shell has a vertical tangent at the lower i is, q 


ad farsi 70% [fog t } 
from which it follows that ole te hon riod 


eh, 2 . The de derivative of r; with respect to ¢ is zero at the lower hae ae 


wey io “Theory of Plates and Shells,” by 8. Timoshenko, ‘McGraw-Hill Book Co., Inc., New York, a: Y., 
1040, Pp. 407-408, and p. 467. 
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‘This condition is satisfied by all merid 


The thickness of shell is essentially constant i in the 
— = at 


in which Do is the of p at The: villue of p pis at a 


a point by multiplying the thickness of the shell at that point by the unit it weight 


‘Tt has been shown‘ that, under the specified ‘conditions, the radial 
displacement, w., at the edge, ¢ = 2/2 (positive outward), and the rotation, _ 


pe (2).. 


_in which a is the radius of the equator (that is, rz at ¢ = x/2, | or z at y= 
¥ E is the modulus of elasticity of the material, h, is the thickness of the shell i in 


_ the neighborhood of the equator, andr. is the radius of curvature of the 
at the equator (that is, ato = w/2). 
quantity, -nondimensional static moment of the load with 

vaawrad A 


and its iene for various meridional curves and thickness variations: is 


Bending Displacements in ‘the Shell —If a uniformly distributed bending 


_ moment, Mo, per unit of circumference and a uniformly distributed shear, oie 


the edge will “undergo radial displacement, (positive inward),. and a 
-Totation, Ve (positive inward). To evaluate te and Ve for shells having ¢ a asmall, 


a that the displacements by, M and Q will be felt only in the 
vicinity | of the boundary and that this part of the shell can be analyzed? as 


wt ae, del Displacements in Membranes of Revolution under Vertical Loads,” by Mario G. Sal- —_ 


vadori, Annali Matematica IV, Vol. ERIK, ‘Bologna, 1955. ORE 


| 
ional sections symmetrical about the 
— 
symmetrical dead load acting on the shell at any height y is p per unit 
area of shell, and p is expressed as a function of ¢, asfollows: 
5 
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™ OMENTS IN DOMES 


part ofa long ceyiindrical shell of sistas sa ] On the basis of these : assumptions, 
w, and y, are given ips 


; Bending Displacements i in the Cylinder. —If equa] and opposite edge moments 


“ands shears are applied to the cylinder as shown in Fig. 1, its edge will undergo 4 


radial displacement, (positive outward), and a a sation, Ve (positive 
inward), which can be determined 


aan 


Terming he the the in the of the « | 
_ and D, are defined by changing the subscript from s to c in Eqs. 10 and 11, — 

‘Two conditions of continuity arise from the fact that there can be no 
_ Felative displacement or rotation between the shell and the. cylinder at the edge. — 


the nomenclature of Fig. 2 they 


ban 


equations and the two and Qo. Solution of equations 


ga iuodsiw) Nas wid odt te | 


- _ §“Theo ry of Plates and Shells,”” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y., ¥ 
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Values of m, and as of r for values of the parameter 
(1/8) h,/a are presented in Figs. 3 and 4, respectively. intermediate 


values of (1/8) h./a, linear interpolation gives correct result because 
Mm and o are linear functions of this parameter. if um 


= a Assuming 2 again that t the part of the sk shell affected by the edge ers and — 
5 shears behaves as a long cylinder, the bending moment, M,, per unit of circum- — 
ference of of the shell at a from the along the n meridian be 
75 
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MOMENTS IN DOMES) 2. 
‘and are tabulated 8. Timoshenko. Mir. The M,, has a first maximum 


a distance, &, , defined the oration wud 
‘The maximum of M,(s,) is given ow pity o The peek 
= M,(3,) = Poa 27) 


Similarly, the bending moment, My per unit o of circumference of the cylinder — 


ata distance, Be, from the « edge is 


which has a first, at a distance, defined 


‘The maximum value « of M.(s) is by 


To make possible the of the of internal moment 
Eat the value of the moment coefficient (m, or m.) for both shell and cylinder — 
a single graph, the quantities B, and m without subscripts are under- 


stood to. be applicable to either the shell or ‘the cylinder. point of ‘maxi- 


pay ba O@le bas 
of mort A lo | vr (9) vr (ovitnnoa 


“Theory of Plates dad Shells,” by Timoshenko, McGra raw-Hill Book Co., Inc. , New York, 
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MOMENTS IN DOMES 


the coefficient, for moment j is thus given by 


nig ‘m= [6G 8) 


— = $68) 
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Fig. 5 contains relating 3 § and » (Eq. 33), and (Eq. 37). 
_ Fig. 5(@) represents positive values of \ from 0.1 to 100 (in which range p is | 
_ always negative), and Fig. 5(b6) represents negative values of \ from 0.1 to 100. 
: (for which y is always positive). After values of m, » and do have been deter- ‘3 
"mined from Figs. 3 and 4, two values of (one for the shell and one for the | - 


and 4, two valu 
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the shell or the cylinder to determine the location and magnitude of maximum 7 
_ internal moment. In the range in which yp is positive, u is always greater than y 
ge and the design moment is of the same sign as M, but greater than M.. -_ 
In the range in which p is “negative, it may be greater or less than unity « and 
-yields a design moment of opposite sign to that ‘of M.. The second 
- moment (which may be greater than M, but is always anal as compared with 
the first peak moment) is located in any case by increasing 8 & by an amount, J" 
™ -, and is evaluated by multiplying the first peak moment by — — e*, which is 


_ The approximate values of M, determined by means of Eq. 27 will be i 
acceptable for practical purposes. prov ovided the shell does not deviate greatly 


that 
ae that the angle, ¢, ‘subtended in the shell by &, is expressed approximately by 


Because < for negative values of and, in most practical cases, 


» 

is negative for the shell, the angular r deviation r may be taken tobe 


of the order 0. for practical purposes. 


od Case ov Smaut Moments 


i the value of m, obtained from Fig. 3 is small, the resulting value of a 
may be large enough to be out of the range given in Fig. 5. It can be shown, _ 
that, for A-values than 100 or less than ~"100, the ec con- 


always be less than 2. 1% of the perenrai m: and that the ‘fret. term ¢ can 
_ therefore be neglected in comparison with the second, ome the followi ing 
approximate equations for for > 100: Ay 2d as to 9: 


“Seienza delle Costruzioni,” by O. Belluzzi, Vol. III, Nicola Zanichelli Editore, Bologna, 1953, pp 
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Eqs. 40 and 41 can be further simplified by noticing that, for absolute = 
of than 100, Bs is nearly equal to Using value in = 


lolidw 
thd ive 
m .245 


When the load on tl the shell is a Jive load ad 


44) 
4) 
is the load intensity at the er edge or at or at the shell top, the the 


Because in Eqs. 18 and 19 the involving (1/8) Vh/jaa are derived 


the rotation, ¥., due to the load, and y, is zero for the live load of Eq. 44, the | 
_ graphs of Figs. 3 and 4 corresponding to (1/8) ¥h./a = 0 may | be used directly — 
to obtain values of m, and qe for the case of the . live load. The maximum — 
moments are then evaluated as was done for the case of the dead load. (The 
bending stresses due to live load depend on the ‘single parameter, r, and haye— 


darit ods Jedd bee pdt lo dt seal od 


je ; The evaluation of S as defined by Eq. 7 can be accomplished by numerical 
integration in most cases by analytical integration in some instances 


Results will be e presented herein for ellipsoidal shells generated by half ellipses 
_ of various ratios of the minor semiaxis, 6, to the major semiaxis, a, (Fig. 6), _ 4 


“Live Load and Moments in Shells of Rotation Built into Cylinders,’ by Mario 
Salvadori, » Vol, 2 27, ‘No. 2, 1955.0 
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including spherical shells, for the cases of constant thickness and of ee - 


_ For constant thickness, = 1 and Eq. 7 becomes, upon proper substitu-- 


Sin bs), cos 


A 


BY 23, and ' 6; 


of os wi to Ie sbuloai od bobootxe aved ered baw 


E q. 48 can be integrated exactly yields penis % de an 


| 
A Values of S for various values of b/a are given in Table 1(a). — ee 
For the case of linearly thickness, 9(¢) = (2/r) ¢, Eq. 7 becomes 


Eq. 51 can be integrated by numerical methods, and values obtained by means 


of Simpson’ s one-third rule and h'-extrapolation” are given in Table 10). 


"Theory of Plates and 81 Shells,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. 


“Numerical Methods in neering,” by G: ‘Salvadori and Melvin L. Baron, Prentice-Hall, 
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the case 0 
another (greater) value, ho, at the edge—that i is, for 


Py 


Value a 4 


0.588 


wh 


| 


in in which Si i is taken from the table for constant thickness (Table 1(a)) an and S: 
- from the table for linearly varying thickness (Table > 100). The value of § 
computed by Eq. 53 will always be less than unity if islessthanh. 
In most practical cases, S will be greater than 0.1, and the graphs of Figs. 
ig 3 and 4 have been extended to include all values of h ./a from zero to 1/50, 


We, Sa 7 


4 
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Foran any other function, the meridian i te » can be 
integrated by expressing it in the form: xe 


If can be evaluated pointwise, Eq. 54 can be be integrated numerically; 
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ie those. specified ‘only by ai an architect’ 8 ‘drawing, values. of Sc can be determined i 


byn numerical or graphical methods using Eq. 7asa definition and, if necessary, 
expressing g the 2 quantities under the integral ‘sign in terms of other angles and 
“Fig. 7 gives the values of Sz as defined by Eq. 47 for ‘some the most 
‘commonly encountered live-load 4 


mn As an example of the e use of tl the equations sai graphs contained h herein, an 
“elliptical shell is considered, with a = 40 ft and b= 20 ft and with a a thickness 
_ varying linearly from 2 in. at the crown to 4 in. at the edge, the shell being 


built into a cy linder having a thickness of 4 in. - Because for elliptical shells — 
i r. = b*/a, in this example r, = 10 ft and the ratio, h/re, takes the value 1/30, 7 
7 and hence the present theory will give close approximations of the dead-load 

_ moments. — With b/a Table 1 yields S= 0.690 and S: = 0. 295, , and 


2 (0,690) + (1-2) « (0.295) = ¢ 0.492. 


With he = } ft, the parameter (1/8) is to 0. 185. i From 
Figs. 3 sos ‘4, with r =h,/he = 1, there is obtained m, = — 0.023 and qo 
0.190, and from Eqs. 35,fortheshell, 


"Figs. 5(b) and 5( heref 
g a a) give, th erefore, respectively : 
& = 0.60; 2.9; = 2.9 (— 0.023) = — 0.0670 
= 0.96; p= —14; and me (— 1.4) (— 0.023) = +.0.032. 
“fog Ute. adiatisasg ted? heqod od of oiotstedy 
angular deviation in the shell, by Eq. 39, is 
0.60 x Go = 0-219 radian = 12.5 


and i is small to guarantee an an acceptable error in the ‘shell x moments. 
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Assuming | cu ft, the 


= er 


| 


= — 0.023 X 1,310 = — 30.2 lb-ft per ft asi 
= 0.067 1,810 = — 88.0 lbftper ft 


= 0.362 


Thus, the shell must be outside at the edge t to resist a 

- moment of 30.2 lb-ft per ft and outside steel 1.65 ft from the e edge to resist a 

moment of 88.0 lb-ft per ft; the cylinder must have the same outside steel as 4 

the shell at the edge and and inside steel 2.65 ft from om the edge to resist a moment — a 


a statically ix indeterminate 


moments and shears, valid for both shell and cylinder under either live 4 * 
ia a or dead load, makes this analysis simpler than the analysis of a framed structure. i 
Sl It is therefore to be hoped that the practicing engineer will not avoid the — 
use oof such structures because of 
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NATURAL FREQUENCIES OF ‘CONTINUOUS 


ANEsTIs S. VELETSOS,? J. M. ASCE, AND NATHAN M. 


Discvaston bY Muséns. JAcop Karo, AND S. VELETSOS 


7 Ye Anu ws method is presented for determining the natural frequencies of | 


 undamped flexural vibration of continuous-beams on rigid supports and of rigid- | 


a jointed plane frameworks without sidesway. The method is based on concepts — 7 


- of numerical computations s which, when. repeated a sufficient number of times, 

k will give the natural frequencies of the system considered to any desired degree ~ 

= accuracy. — _ Numerical values for the various physical constants which are 
necessary in the. analysis by. this : method are re tabulated. the 


‘The of « natural frequencies of vibration ‘of structures 


is : of great practical importance in the analysis and design of structures sub- . 7 
jected t to time-dependent forces or dynamic forces. This problem is particularly 
‘significa nt in the study of the behavior of structures under stationary periodic 
i" - forces, such as those which arise from rotating or reciprocating machinery. If a 
_ the frequency of the disturbing force is sufficiently close to one of the natural bo 


_ frequencies of the structure, the structure will undergo vibrations which, in the - a 


_ absence of appreciable damping effects, may become prohibitively large. _ ie. 

- _ The purpose of this work is to describe a method of computing the natural 
frequencies of flexural vibration of elastic beams continuous 01 over rigid supports, 
and of rigid-jointed, plane, elastic frameworks without sidesway. ‘The mass of 


.,, Nors.—Published, essentially as printed here, in July, 1955 as Proceedings Paper 735. Positions and — 
titles given are those in effect when the paper or discussion was approved for publication in Transactions, 
Research Asst. Prof. of Civ. Eng., Univ. of Illinois, Urbana, Ill. ted og © 
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= members composing the structure is ; assumed to be uniformly distributed 
along each member. A system with distributed mass and elasticity has an 
infinite number of natural frequencies; using the method presented herein one 
is able to determine as many of the nataral frequencies as desired. ge em il 
The application of classical analytical methods for determining nate fre- 
quencies of continuous beams and frames has been described by, among others, exciti 
E. R. Darnley,? S. Timoshenko,‘ Bennon,‘ and K. Hohenemser and W. 
‘M. ASCE. Additional methods, having a fairly general applicability, tain 
have been presented by W. Mudrak,’-* E. Saibel,® and C. T. G. Looney,” M. of th 
= A numerical method applicable primarily to fundamental frequencies , 
been dev eloped by E.F. Masur"*A.M.ASCE, 
_ The method presented herein is an extension of the nhethod for determining 
the natural frequencies of torsional vibration of shafts developed by #. 
Holzer.#.415 Jt is based on principles which are familiar to structural engi- 
mit neers and is reduced to a straightforward system of numerical computations 
which, when repeated a sufficient number of times, will give any of the natural 
frequencies of the system considered to any desired degree of accuracy. 
_ er is simple, of wide applicability, and appears to be less een to 


GENERAL DESCRIPTION oF 
Basic Principle. 
damping, the which is to maintain a system 
a in a steady state of forced vibration with finite amplitudes becomes equal a: 3 
-—— gero when the frequency of the couple is equal to one of the natural frequencies’ 4 
a of the system. It is assumed that the exciting couple is applied at a joint for sa 
which the amplitude of rotation is different from zero for all the natural fre- - 
i Boe example, one may consider a continuous beam or frame that is in a 
steady state of forced vibration under the action of a harmonically varying 
exciting couple e applied at a a suitable joint, designated as joint Z. The 
a tude of this couple is assumed to be such that the amplitude of the rotation (or | 


“The Transverse Vibrations of Beams and the Whirling of Shafts Supported at Intermediate si eed . 
ty R. Darnley, Philosophical Magazine, 


Ed., 1955, pp. 342-345. 


“Natural Modes of Vibration of Simple Frames,” b by 8. Fie Journal, Franklin Inst., ‘Vol. 243, 


1 *“Dynamik der Stabwerke,” by K. Hohenemser and W. Springer, Berlin, 1933. 
1™“Zur Ermittlung der Grundschwingungszahlen von durchlaufenden Trigern, Mudrak, 
if * “Bestimmung der von durchlaufenden Tragern und Rahmen,” by W. Mud- 
ak, Zeitschrift far Angewandte Mathomash und Mechanik, Vol. 28, 1948, pp. 258-263. 
“Vibration Frequencies of Continuous Beams," by E. Saibel, of the Aeronautical Sciences, 
we) 
“Behavior of Structures Subjected to a Forced by C. T. G. Looney, Proceedinge-Separote by 
the Fundamental F; of of Rigid Frames,” by E. F. Proceeding, Fist 
Midwestern Conference on Solid Mechanics, Urbana, Ill, 1953, pp. 89-94. To 
_ 48“Die Berechnung der Drechschwingungen,” by H. Holzer, J. Springer, Berlin, 1921. = a 
"Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill Book Co. Inc., New ‘York, N. Y. 
— ‘wh N. McGraw-Hill Book Co., Inc., New York, N. Y., 
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= the ntovieal be endin g moment) at a joint of the structure different from z—Bay, 
at joint 1—has a presitibed finite value. The vibration of the structure ist hen 
harmonic and its frequency is equal to that of the exciting couple. Further- 
more, because the effect of damping is neglected the amplitude of vibration is 
constant and the response is either in phase with, or 180° out of phase with, the — 

“Fora given system, the magnitude of the exciting couple necessary to main- __ 
tain the prescribed amplitude of vibration at joint 1 depends on the frequency — _ 
of the couple. For the saat case eof zero frequency the magnitude of the 7 


inertia forces of increasingly greater magnitudes. _ These forces are at first i in uf 
phas with the exciting couple. and produce displacements i in ‘excess of those 


quency of the exciting couple the inertia effects eaieabibeie and for a fre- - 
4 _ quency equal to the fundamental or lowest natural frequency of the structure, _ 
‘the magnitude of the couple becomes equal to zero. This condition of the © 


; 1. Consider that the structure. oscillates in a steady state at at an assumed fre - 


nd with a fixed amplitude of rotation (or internal bending 


Repeat these steps for a ‘umber of frequencies. 
_ 4. Plot the magnitude of the exciting couple as a function of the frequency 
x of vibration. 4 The frequencies for which the exciting couple vanishes represent 7 


it should be noted that the amplitude ‘of rotation (or internal bending — 
- moment) at joint 1 is assumed to be different from zero in this method. ‘ae : 
4 cordingly, if there exists a ‘natural frequency for which this assumption is not _— 
_ satisfied the method will fail to detect it. Such a condition may occur in the — 
case of continuous frames. A supplementary technique for determining the 

“ natural frequencies which | the main procedure may fail | to detect is described 


The primary computational task in the method outlined is the ev aluation 


of the exciting couple; this may be accomplished by by a number of different pro- 

cedures. — The conditions to be satisfied are simply those of equilibrium and 

continuity for each joint of the structure. These may be expressed by a set 
7 of linear equations ir ina number of different ways, and the equations may be 

~ solved by a variety of procedures. In the procedure presented herein, these 
‘@ conditions are expressed in the form of a dynamic three-slope equation and the 
of the, joints are computed by the repeated : application of of this 

- tion, as progressively from one end of the structure to the other. nates 
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Blast Constants for a | Vibrating . Bar. —The 


+4 “applied at the ‘simply supported. end: guigmeb tools ait ‘nou 
’ ‘The amplitude of the bending moment necessary to produce, at the end at 
_ which tk the e exciting moment is applied, a steady-state rotation of unit amplitude | / 
is termed as the “dynamic flexural stiffness” and will be denoted by the sym-— 
__-‘The ratio of the bending moment developed at the far fixed end to the ex 
citing moment at the near'end is defined as the “dynamic flexural ae 
factor” and willbe denoted 
_ The foregoing terms are generalizations of those introduced by Hardy 
Croan Hon. M. ASCE, for the analysis of frames under static loads. These 
_ terms were first used by R. E. Gaskell'’ in applying the method of moment _ 
4 istribution to the analysis of the steady-state forced vibration of frames. 
_ For certain conditions of symmetry, antisymmetry, and for those cases for _ 
_ which the degree « of restraint at the far end of a member is known, it may be . 
convenient to use effective stifinesses. The effective stiffness for a symmetri- — a 


>>. eT 


and 3 are to ‘theme for the’ static case,18:19 nt 
_-The present investigation | is restricted to members both 1 uniform 

= cross section and uniform mass p per unit of length. at The stiffness and the « carry- 

over factor for both ends of such a member are equal. | inode th, 
ag y, N umerical Values of Constants. —The pertinent analytical expressions for 
the quantities. previously | defined are available. 17 The dynamic stiffness may 
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in which Cr is is a factor on the 
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sis of Continuous by Distributing Fixed- ied Moments, ” by Hardy Cross, Trane- 
» Vol. 96, 1932, p. 


pee Moment Balancing in Dynamics,” | by E. Gask 11, Quarterly of Applied Mathe- 
matics, Vol. 1, 1943, pp. 237-249. a 


_ 18“Continuous Frames of Reinforced Concrete,” by Hardy Creed dalt N. D. Morgan, John Wiley & 
‘Bons, Inc., New York, N. Y., 1932, p. 119: 
Direct Method of Moment Distribution,” by Ua, ASCE, Vol. 102, 1937, pp. 
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‘NATURAL 
Be n ae 4 and 5 m is the mass per unit of length of the bar; w is the circular fre- 
quency of vibration; E is the modulus of elasticity of the material i in the bar; I 7 
is the moment of inertia of the cross: section of the bse about its centroidal axis; — 


er factor, k, is dimensionless > 


a _ A graphical representation of the variation of the stiffness and the carry-over _ 


factor a as a function ¢ of d is given in n Fig. 1... For = 0 these quantities have the — 
well-known static values of K = 4E I/L and k = 0.5. Values of \ equal to sa 
3B 927, 7.069, and 10.210 correspond, respectively, to the first, the second, and 
oe third natural frequencies ¢ of a bar fixed at at one end and simply supported at ie, : 
the other. For these amped fe value of the mm stiffness i is equal to i 


| (a) K VERSUS | 


-35 
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because no ‘exciting. moment is required to maintain the vibration. 


q 


thermore, because the amplitude of the moment at the fixed end of the bar is Po ; 
_ different from zero for these frequencies, the value of the carry-over factor i = > 
infinite. Values ¢ of X equal to : 4.730 and 7.853 correspond to the first and the 
_ Second natural frequencies of a bar fixed at both ends. For * these frequencies, 
the stiffness of f the bar ‘becomes it infinite because ‘the end rotations are zero. an 


Bes | the procedure presented herein, only the stiffness and the e product of the } 
stiffness and are needed. Numerical ‘Values of these 


18 
Method (Caleulating the Natural Frequencies of Beams, F 
A. 8. Veletsos, thesis presented, in 1953, to the University of ‘Illinois at Urbana, in 


partial ofthe requirements for the degree of Doctor Philosophy. 
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lated to five significant figures in 1 Table It: should be noted that some of 


Characteristics of B —The beams considered herein are 
assumed to be initially straight and continuous over nondeflecting supports. | 
The cross section and the mass per unit of length of each beam may vary from — 

_ one span to the next, but i in any one span these quantities are considered con-— 
stant. It is assumed that the vibration is restricted to one of the principal 
a 4 planes of flexure of the beam and that the cross-sectional dimensions of each 
i span are small in comparison to its length, so veesphes the effects of ‘Shearing de- 
formation and rotatory inertia are negligible. 
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Downward deflections and clockwise _ 
are taken as herein. Internal bending moments in a member 
it its connection with other members, are taken as 
tive when acting in a clockwise direction. thot thie 
ie) _ The supports are numbered consecutively starting with 1 at the extreme left 
* end and terminating with zat the extreme rightend. The quantities, Ly! E; I, 
mi, di, Ki, and (k K)i, 1 refer to the span between | supports j and j jt+1. i, The ~ 4 
_ symbol, 6;, denotes the amplitude of the rotation at the jth support ond M; 
_ denotes the corresponding amplitude of internal nal bending moment. _ The sub- 
scripts, L and R, designate, respectively, sections just to the left and just to the yy : 
i right of the support. The amplitude of the exciting couple at support z is — 
_ Fundamental Equations. —Fi ig. 2 shows, to an exaggerated scale, the extreme — a 
a deflected position of spans j — 1 and j of a continuous beam undergoing steady- — 

. state forced vibration. © The vibration is assumed to be maintained by a single b 
exciting couple applied at support The rotations and bending moments at 

a 


be Fie. 2.—Spans j- -1 AND j or a ContTInvovus Bream doid w ni 


the. ends of each span are indicated i ‘in their directions. Their value 


In the equations to be used, the term, cos w t, » appears a as a common factor; for : 
~ convenience this will be omitted, and in the remainder of this investigation the 7 
_ terms “amplitude of rotation” and “rotation” and the terms “amplitude of 
moment” and “moment” will used interchangeably. 


ruse From the conditions | of continuity and equilibrium: it it follows that, at the © 


interior support, J. eves ‘Toe thes in the 


spans j — 
Pyar end of the span is is held fixed while the left vty is rotated through an —_ a! 


“eae 6;, and the flexural stiffness of the member, K;.. Next, the left end of the 
_ span can be kept fixed while the right end is rotated through 6:41; the moment 
seer at the fixed left end is equal to the rotation, 6;41, multiplied by the 


- ~product of the flexural stiff ness and flexural carry-over factor of the member, — 
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K) pols Because the governing differentia equation is and the principle 


By span j — 1, one obtains, in a similar manner, 


Substitution of Eqs. 9a and 9b into Eq. 8 yields post 


+ (Kin + Ki) 0; + K);6; 
fs It i ise convenient to rewrite 10a into the Xd be 


k + 6 


ri 


in which total flexural stiffness at support: quits bail 


~ 


:=-R, 


in hin R, and R, 2 eal known | stiffnesses of the rotational restraints at the left 


end and the right end, respectively. For a hinged end, R = 0, and for a fixed — 
end, R = ©, The negative signs in Eqs. 12 denote that, for a positive restraint 


(positive value of R), the restraining moment acts in a direction opposite to the _ 


direction of rotation of thespan, 
_ For a hinged or partly fixed condition at the extreme left end of the beam, 


fixed condition, =0, and the the between the moment 


at the fixed end and the rotation at the second ‘support, is “a bite - “Saga he 


ad? toe: opt a0 ( 


i= 


Fora a hinged or a ‘partly fixed end 1 at ‘the right end of the beam, the mis 
gs of the exciting couple is obtained from a specialized form of Eq. 10a as 4 
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Eqs. 9 through 11 are, in a strict sense, applicable to interior supports only. an 

_ For the end supports, the equations have specialized forms. For the general 

— - case in which the extreme ends of the beam are elastically restrained against — 
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NATURAL FREQUENCIES 


TO. For. 


ate 6, = 0, and the a frequency is that this must 
be satisfied. magnitude of the internal bending moment at the fixed end 
of no practical i interest but, it be it can 


Outline of the Procedure: —As ‘the al 
task of the procedure is the determination of the exciting force at the right end 
of the beam necessary to maintain a given amplitude of rotation (or internal 
4 bending moment) at the left end. Because the natural frequencies of a system 
% 4 depend on the relative rather than on the absolute values of the displacements, 
B any arbitrary amplitude consistent with the actual boundary conditions may 
be chosen for the amplitude of vibration at support 1. For a hinged or a partly 
a ed end, 6, is taken, for convenience, to equal unity ; for a fixed end, 4, is equal 


to zero, and M, or M, times L /E I of some reference span r is taken to equal — 


‘The procedure i is outlined as follows: 


>. 
. Assume a value of X for s some ne reference sp span, r: ; this step i is s equivalent to 


mE 
‘The p pertinent: are ¢ conveniently carried out in a tabular form, 
- shown in the e subsequent illustrative example. _ Eq. 17 is obtained readily by, 
equating the expression for w of the rth span to that of the jth span. 
2. From Table 1, obtain the values of K and k K for the various spans, al 
3. From Eq. 13 or Eq. 14 compute the rotation of the beam over the scoond 
sung and, by successive applications of Eq. 106, evaluate the rotations, 03 to 
_ A convenient scheme for arranging the computations is described in the 
Sete example. If support z is fixed, the determination of the rotation, _ 
ii completes one cycle of the procedure. However, if this support is hinged il a 
only partly fixed, it is necessary to proceed further and evaluate Eq. 15a. 
4, Repeat steps 1 through 3 for different values of A,, and plot the values v° 
_ computed for @, or M, as a function of de. . The zero intercepts of the aan 
7 curve which, in general, has the shape shown in Fig. 4 (to be presented sub- . 


sequently) to the natural the considered. 


pe. tie against rotation at the left end and simply “sna at the right en 7 
‘The stiffness of the end restraint and the properties of the various spans are me 


shown in Fig. 3(@). iby 9 a0. bob 
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a... For convenience in performing the computations, the natural frequencies of 


> this beam will be expressed in terms of the pertinent properties of a reference f 
: ; span, r; in 1 this case, r is assumed to equal 1. In terms of the Z I/L of the rth — 7. 


- span, the values of K and k K for a span, j, are equal to those obtained from 


Table 1 


ess 


fy 
and are evaluated in Table 2. It should be noted 
t these computations are independent of the frequency of vibration. — A 1 
cycle” of the procedure will be "presented herewith for a trial 
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The valuee: of \ for the v various spans are nieeieg at the top of the diagram in 
Fig. These values are obtained as the product of the assumed 


a ‘and each of the values in Col. 5 of Table 2. The values of a for the \ various — * 


ofl members are recorded in parentheses on the same diagram. The numbers — 
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NATURAL FREQUENCIES 
a shave the values of a give the stiffnesses of the various spans whereas those b 
low the values of a give the corresponding products of the stiffnesses and the | 
carry-over factors. ‘These e quantities ar are expressed in terms of the the 
span to which they refer, ‘and they are re obtained directly from Table 1. 

_ Before using them in the fundamental equations, it is convenient to —- ae 
tas quantities, K and kK, in terms of a common factor. In Fig. 3(c), thew 
quantities are given in terms of the EI / L of the reference s span. In this dish a 
_ gram, the number above each support represents the value of K for that sup- 4) 
port, and the number at the middle of each span represents the value of k K for a 

that span. _ The value of & for the jth support is determined by taking the _ 
sum of the ‘products of the'a-values and the: K-values in Fig. 3(0) for 


j-landj. Thus, the totalstifinessat support3is 


the [3.302(0.80) + 3.704(1.35)]- = 7.642 (20) 


the values of k Ka are ‘obtained by multiplying the values of kK given 


in Fig. 3(6) by the corresponding values of a. 
= 


0.945 11820 0800 


0.90 


With the foregoing information established , one can compute readily the 
& imetetlons of the beam. In Fig. 3(c), the number in parentheses below each _ 
support represents the value of the rotation at that ‘support; the rotation, 41, 
is taken equal to unity. The rotation, 02, is evaluated from Ea: 13(@) which, 7 tc 
it should be recalled, is a form of Eq. 100. he wal 
‘The rotations, 3, 6,, and 0s, are determined by the application of w 106 to” 
joints 2, 3, and 4, respectively. Thus, — 


_ 2.256(1.00) + 6 + §.307(— 1 846) _ 4 617 


033(— 1.846) + 7.642417) 


veg 


3.004 (4.617 7.233(— 10.50) 


Thee, results are recorded in Fig. 3 3(¢) ast are computed. 
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— 
exciting couple is found to be asi 9 


bi 
Fen to a natural frequency of the system. The negative of the value of = 
divided by the rotation, 0s, is ovig ote aup 


§ and stiffness ati constraint which, if at 


ad 

3.07 | 3.70 | 


rms 


£ 
= 


oment, 


_ By ‘Tepeating several such | cycles of computation for different values « of Au, 
curve shown in Fig. 4 was obtained. The zero intercepts of this curve 
respond to the desired natural frequencies. - The first five critical values of \ q 
ba “4 are recorded i in Fig. 4. _ The corresponding circular ar natural frequencies, wy, in 
@y) . . (23a) 
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ny this « example and in the subsequent ones the computations have been 
- carried out out to four significant figures. In the particular cycle described, this 
- accuracy was greater than actually required. _ In general, for the determination .° 
of the lower natural frequencies of continuous beams, slide-rule accuracy will © 
"prove satisfactory. However, for t the higher natural frequencies, particularly 
in the case of frames involving closed panels, the co computations may involve 7 
Rarer differences between large quantities and it may be necessary to Tetaina 
minimum of four significant figures. 
Continvous Frames WITHOUT Siwesway 


~The following: material applies to rigid-jointed, plane, elastic frameworks 7 


_ for which the joints do not translate. The individual members of each frame 7 
; are considered to be of both uniform cross section and uniform mass per unit of © ie 
length. | The vibrations are assumed to take place in the plane of the frame- | 
work, The change in length of the members due to axial deformation andthe 


i ai of om axial forces on the bending - moment in the  memnlons are neglected. 


have known conditions of restraint at all terminals; and (6) erase 
A including those which do involve closed panels . Each group ) will be examined — 
‘enna —<dIt is first necessary, however, t o develop the appropriate e slope 
equations applicable to frames. oto AK TE 
7 wee undamental Equations. —Fig. 5 shows sr members of a structure rigidly 
connected at their common intersection, 0. 2 he ends of the members are 
assumed to be fixed against translation but free to rotate subject to the restraint a 
- imposed by the adjoining members. It is assumed that the structure isina 
7 9 steady state of forced vibration under the action of an exciting moment applied — ; 
at a joint differentfromjointO, 


= The term, 00-;, denotes the amplitude of rotation at end O of member 


0O- — j, and 6;~o denotes the amplitude of rotation at end j of the same member. 
- Similarly, Mo_; and Mj~o are the corresponding moment amplitudes at the same. a 


is 
aa 


2) 
— 
— 
i 
— 
is 
— 
— 
— 
parison to their length, so that the effects of shearing deformation and 
10n, ral frames will be divided into 
| 
id 
— 
— 
= 


‘Because all are connected at 


1 
and 


+ Mo-: +. +...+ Mo = Mo-; = 
i moment, Mo-;, may be expressed in terms of the end rotations of mem- 


wusgh gin to 


yowese 

4 2 


oviovai toa ob if 920 is. 


Substituting Eq. 27 into Eq. 26, one obtains cm eld 


odd of tonid Ko-i90 + (k K) )o-i9; = 0.- 

- which expresses the conditions of both equilibrium and continuity for joint O " 

of the structure. _ If only two members meet at joint O, Eq. 28a reduces to — a 
the restraints at the far ends of the meeting ¢ ata joint are known, 

> 4 it is convenient to use effective stiffnesses. If it is assumed that the restraints _ 
2 at ends 1 and 2 of the part of the structure shown in ‘Fig. 5 are known, and if 


K'o-1 and K’ o-2 are the stiffnesses of members 1 and O 
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-1 + K’o-2) 00 + Ko-180 + = 0.00... (280) 


peetively ‘(determined : from Eq. 3), 1 then E Eq. 28a may be written 


Open Frames. —Simple L-frames and portal frames, such as those shown in — 


Figs. 6(a) and 6(b), behave as continuous beams on rigid supports. ‘Therefore, 3 : 


their natural frequencies can be computed by the procedure presented previously 
under the heading, “Continuous Beams.” 
“ie The natural frequencies of open frames, such as those shown i in Figs. 6(c) ps 
through 6(e), can be evaluated by. a variation of the procedure applicable 
beams. . In any of the frames in Figs. 6(c) through 6(e), 1 denotes the joint of 
the frame at the extreme left terminal and Zz denotes the e joint at the extreme 7 
right terminal. Without loss of generality, it may be assumed that joint z is 


either hinged or elastically restrained. 


a 


~ 


- manner as a fixed | end of a continuous beam. 1 It can be assumed t that the 7 
_ structure is in a steady state of forced vibration under the action of an —— 


 Seaniese applied at joint z. The amplitude of the slope or of the bending 


moment at joint 1 is assumed to have a fixed value. If the joint is hinged or 
is elastically restrained, the a amplitude of the slope is taken | equal to u unity. — 
_ the joint is fixed, the amplitude of the internal bending moment i is taken Panky to 7 
unity instead. frequency of vibration, it is generally possible 
te compute | the magnitude of the exciting m moment, M., a ina manner entirely ’ 

e analogous to that used for continuous beams—that i is, by working progressively 
- from one end of the frame to the other, the only difference being that one must i 
use the e more general Eqs . 28 rather than Eqs. 10. | By repeating this procedure. v4 

z for several frequencies of vibration, the magnitude of M, may be plotted.as a 

SS function of the frequency of of vibration. . The frequencies f for which the werent’ 


™ 
— 
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— 
A. 
ie xed end may be treated in thesame 

— 
— 
ity. 
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— 
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tur of vibration each span oscillates with finite amplitudes. In the 
_ case of frames, however, it is possible for only a part of the frame to oscillate — 
while the rest remains stationary (vibrates with zero amplitude). ‘Fig. 7 pre- 
-_- sents several such modes for the structures shown in Figs. 6(c) through 6(e). _ 
Such modes ca can, of course, exist only if the dimensions of the various members ad 
satisfy certain definite telationships. ‘Natural modes for which only part of 


Because of the assumptions ot on which it is based, the ‘proceduy desiribed 4 
: thus far may fail to detect natural frequencies corresponding to natural modes . 
partial I vibration. may be recalled that the amplitude of the slope 
h bending moment at joint 1 of the structure is assumed to be fixed in the pro- 
cedure. _ Accordingly, the procedure will fail to reveal those natural frequencies 


for which bar 1-2 remains stationary. second in the 


| 


= +369 
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frequencies for which the bars meeting at joint z are stationary. 
_ Then natural frequencies which the main procedure fails to detect may be © 
determined by. (a) computing the frequencies for which bar 1-2 and the bars. ‘ 

- meeting at joint z can remain still, and (b) ascertaining whether or not these 

_ frequencies are natural frequencies of tl the system. ‘The details of this ‘supple- 

mentary procedure are described subsequently a numerical example, ail! 
It is worth noting that natural modes of partial vibration occur ‘athe 
_ infrequently ; they are most likely to occur in the case of frames involvin 
4 panels of uniform members. — It i is worth ‘noting : also that, for most: practica 
_ applications, it may be entirely unnecessary to determine natural frequencies 
“4 _ corresponding to such modes. In practice, one is usually interested in deter- — 
mining natural frequencies ¢ omprised within specified ranges of frequencies. 
‘Therefore, if the values computed in the first step of the supplementary sae) ; 
_ cedure are found to lie outside the ranges of interest, it will be superfluous to 


‘perform the second step. 7 The first step of this procedure, as will be shown sub- 


n 
if 
ik | 
a 7 __ procedure is that the rotation of joint z is different from zero. Because this _ 
d 
| 
— a 


a 
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NATURAL 


7 wee can usually | be performed almost by sine: ' It should finally be. 7 
-- that natural modes of partial vibration always correspond | to higher a 
natural frequencies. Therefore, no consideration need be given to these modes — a 
if only the fundamental natural frequency ¢ of a frame is to be determined. — dou 
i. at Illustrative Example —As an illustration, the first few natural frequencies" 4 
i; of the simple frame shown in Fig. 8(a) will be determined. The bars identified b 
by 1 are assumed to be identical, whereas the bar designated as as 2 is —- Fo 


| 


x 


— subscripts 1 and 2 refer to bars 1 and 2, , respectively. These proportions 


have been chosen so that the frame can — in a natural mode of partial a 


. For the sake of brevity, only one cycle of the procedure is presented here- _ 
in. + The computations are given for a value of \, = 3.30, which corresponds a 
The Ka nd k K, obtained from Table are, for 
ache. the nobles carre ie & 
(k ‘K): = 3.138 
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NATURAL 


: wt parentheses opposite each ‘joint is the sum of the stiffine nesses of the members | 

meeting at that joint. The number at the middle of each member is the prod- 

B ‘uct of the stiffness and the carry-over factor for the member. Both quantities — 

are expressed in terms of Z,1,/L;. The numbers in parentheses denote the 

4 rotations of the e joints. These quantities are evaluated i ‘int the manner described | 

‘subsequently and are recorded on the diagram as they are computed. Lee ww 

The procedure is begun by taking M, = is com-— 
‘pated by application | to joint 1 of Eq. 27 27, 


3s 


™~ 
& 
| 
& 

c 

= 


Nn 


§. 


they 
138 (0.3187) 4 
‘The magnitude of the exciting moment is determined from Eq. 27 2 as stars ti 
(34 405 409) + 2.4 = 3518 


— 
The rotations, 6, and @;, are then determined successively by application ofr 


2 NATURAL FREQUENCIES 
Ag Because Mis different from zero the asumed frequency does not correspond 
a natural frequency. repeating this procedure fo for several values of 


‘natural frequencies are in Fig. show fT 
‘Iti is next to investigate whether there are any frequencies 


M, to be equal t to bar 1-2 mast be stationary; then, the and the 
: ‘internal bending moment at joint 2 must be also equal to zero. This condition 
requires that bar 2-4 be stationary and that sot 


ig 
with joint 4 rettiaining fixed 3-4 can oscillate freely 
only at frequencies represented by values of __ 


= 4.730, 7 853. 
a natural every member of a structure vibrates with the 
_ same frequency. Therefore, in order for these frequencies to be natural fre- Ae 


of the must also be natural of the remaining 


10.—NatTuRAL MopeEs oF VIBRATION FOR 


"part of the frame (bar 4-5 in this particular case). The natural frequene 
of bar 445, that its, left end i is fixed, values of 


ie _ Comparing the values given in Eq. 35b with those given in Eq. 34 one con- a 
_ cludes that, within the range of frequencies considered in Fig. 9, the values, : 
1 = 7.853 and Ay = 8. 514, do not correspond to natural frequencies whereas > 
the value A; = 4.730 does. - The natural mode of partial vibration for Ar = 
ies 730 is shown by the dotted curve in Fig. 10(@))) er 
‘Finally, it it is necessary to investigate whether there are any natural . ; 
‘quencies for which 6,= 0. One reasons that 6; can be equal to zero only if a 7 


bar ar 4-5 is stationary. Under this condition, 


‘Then, bar 3-4 can vibrate freely only. at frequencies represented by the “in = 
of given in ‘in Eq. 34. Because members 1-2 and 2-4 of the part of 
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4 ‘tie frame are identical to member 3-4, each of the satibein | composing the 7 
panel, 1-2-3-4, can vibrate in a fixed-ended condition the same frequencies ; 
Brn the d,-values given in Eq. 34 correspond to n: 
frame. _ The natural mode of partial vibration mite to A < = 4.730 i is 
shown by the solid curve in Fig and the mode corresponding = 
7.853 is shown in Fig. 1000), bok ba .bae = ns 
err It should be noted that a total of three natural modes have been Leidcetellh 7 
for a frequency corresponding to a value of A, = 4. 730. * ean be shown, how- 


4 ever, that of these three modes only two are indepenc 


Fig. 10(c) is a linear combination of the other two. 


the foregoing, one concludes that, within the range of frequencies 
considered i in Fig. 9, the complete set corresponding to natural fre- 


quencies is 3.59, 4.22, 4.73 (double), 6 0, 7.44, 7.85, and8. 35. 


—— 


tone Closed Frames —The features of the procedure for computing 
natural frequencies of closed frames are described herein by reference to the 


two-celled rectangular frame shown in Fig. 11(a). coer: 


_ The procedure is started by assuming that the frame is cut at a convenient — 

joint. For the considered, the cut i is introduced at joint 6, as 

‘state of silicates with finite amplitudes and known frequency under 
action of an exciting couple applied at the cut joint. In general, there will be a 
discontinuity i in slope in the cut joint. — However, for a natural frequency of 
vibration, both the amplitude of the exciting moment and the discontinuity in 


_ slope will vanish. Therefore, the criterion for a natural frequency is that equa- 


np 


satisfied is, of course, that the frame does 
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the Disconti uity and of the e Exciting 


_ The discontinuity in slope and the magnitude of the exciting moment may be — 
7 determined by working progressively from joint to joint across the structure in _ 
_ the same general way as for open frames, except for one major difference. 7 
oy Whereas for the cases considered thus far the equation for the first joint : 
2: volved only two unknowns, in the present ¢ case the corresponding equation in- 

es a minimum of three unknowns. 
To illustrate this point, reference i is again made to the frame shown in Fig. 


rT (a). _ One begins by applying Eq. 28a to joint 1. _ The resulting expression 


a 


: _ will then involve the three ite 61, 02, and 63, only one of which can be 
taken equal toa a constant. 


new inv one additional unknown, which is also expressed i in 
~ terms of both 6, and 6. The rotation, 6,, is determined by applying Eq. 2800 
to joint Totations, 6s, Oss, § and are determined by the 
= application of the same equation to joints 3, 4, and 5, respectively Finally, 
the exciting moment, M,, is obtained from equations similar to Eq.27. Having 


expressed all these quantities in terms of 0, and 62, one may write Eqs. 37 in ae 


_ when the determinant of the coefficients of 0; and 6, is zero—that is, — tee ra 


_ It should be noted that, in this 3 procedure, the ‘cut is always introduced at e 
the joint, the rotation of which is evaluated last by the procedure described. — 


‘number of ne necessary to e express the rotations of the joints. 
_ The foregoing criterion of the Tesora determinant will fail to reveal the 


wil also fail to re Tey eal the natural frequencies for which the bars meeting | at ‘the 


E procedure described previously. 


, building | frame shown i in Fig. 11 (0) may be found i in identically | the same man- s 
ner as for the frame in Fig. 11(a). The rotations may be expressed i in in terms 0 of 
and and the cut: may be introduced at 9 or 10. For the two bay, 
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Eqs. 38, the coefficients, c, are numerical constants, the magnitudes of 
which depend on the assumed frequency of vibration and on the properties of q 
the members of the structure. Eqs. 38 are a set of linear, homogeneous 
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NATURAL FREQUENCIES 
_—multistory fra frame shown i in Fig. 11 oO, one ‘needs to express the rotations of the 


Joints in terms of three quantities, such as 6,, and 63, so that succeeding 


equations involve only one additional unknown. In this case, the cut is 

as at joint 14. The conditions of continuity and equilibrium at the 
cut may then be expressed as" it te “tal id bor Biante. od tol 

should — = C11 + M2 + C1303 = 0... (40a) 


= + C22 Mz + Cas 03 =| 


Wherefore, the criterion for a natural frequency is igh bere 


odt vl Bay , M2, 6 03) = Car Cos |= 0... 


Itis that, for this it becomes necessary to evaluate a third 


determinant. In ‘general, the order of the determinant to be evaluated i is wm 


‘the rotations of the the numerical work required to compute the exciting 
moment and the discontinuity of slope at the cut may be fairly ir involved. One 


. a may simplify this. work by determining the desired quantities as as a linear com- 
bination of partial For For the frame i in Fig. 11 (a), one 


ity will be found that ‘the rotation of joint 3 will be the only unknown in ee 


resulting expression. One then determines this unknown and, proceeding from 
cars to joint across the frame in the order described previously, one evaluates the _ 
rotations of the remaining joints and designates them by 76’. One also computes 


_ the magnitude of the exciting moment corresponding to the rotations @’ and > 


; _ designates it by M’,. Next, one assumes that @, = 0 and that 0. = 1.00 and, } 


_ in the same manner, one computes the rotations of the joints and the correspond- 


ing exciting moment. Denoting these quantities by 0’ and M”,, respectively, — 


the actual rotation at a a joint, lo dost ad? 
fare aif) lo 6; = 6’; + 658 


For th the frame shown i in Fig. 1 1 (a), the total discontinuity of of slope at the cut is a 


‘The of and 62 i in Eqs. 43 and 44 correspond to the coefficients, 
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Outline Procedure.—The details of the main procedure can now be sum- 


marized. Some of the steps described herewith are repeated for the sake of 


be 1. Assume ‘that the f frame i is cut at a suitable joint. ° For some member of mee 
the frame, say member r, assume a value of Xe (Eq. 5). a This is equivalent to. 


fi 


2. From Eq. 17 compute the values of X for the remaining ‘members of the Bev 


tani, and from Table 1 obtain the appropriate values of K and k K for each 


3. The values of K and k K, a8 given in Table 1, are expressed in 


I in the > subscript, refers to the member considered. 


Age 


de 


0.5625 


‘Nex int, express these quantities in terms of the E I/L of the reference panties T 
by multiplying them by the dimensionless factor, a; (Eq. 18). ait, aie ed 
4, Compute the sum of the stiffnesses of the members meetingatthe various 
joints and record them on a diagram of the frame. _ On the same diagram also if 
record the product of the stiffness and the carry-over factor for each member. Ye 
| = quantities must be expressed in terms of the I/L of the same reference 
member, A convenient scheme for arranging | the computations is shown 


_ §. Choose the unknowns in terms of which: the distortions of the frame will 
be expresse . In general, the number of unknowns that must be selected is — be a 


a “equal to the number of the main longitudinal members in the frame. Consider 


the first of these unknowns equal to unity and the other equal to ero. } 
working across the structure, in the manner described previously, compute the 


i 
— 
- (40a) 
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rotations of the joints. Denote: these by e 


zero. Denote the resulting rotations by and the 
Ingeneral, and das'many 
we exci ie n general, steps 5 and 6 must be ; repeate as many Pat 


as there are in the expressions for the distortions of the 


a at a cut, and evaluate the determinant of the coefficients of the unknowns, _ 
Fa 8. Repeat steps 1 through 7 for a number of ‘values of dy and plot the vari- 
ation of the determinant evaluated in step 7 as a function of d,. The values of x 
aa es for which the determinant becomes equal to zero eye to the desired 


Illustrative Example. —. 
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metrical natural m 


é <% Because the frame is symmetrical, for symm 


2 ‘ will not translate. Accordingly, the procedure described is applicable to this > 
problem. In the following, « only y one-half of the frame will be considered. The 
eee effect of symmetry will be taken into account by using modified oe gS 


s bs (Eq. 1), for the sens of the central bay instead of the usual stiffnesses, K. 


are ‘assembled in Table 3. Member: 2 of the frame is taken 
ag a reference member. Cols. 5 and 6 of Table 3 give, respectively, the ratio of ra 
di/A2 (Eq. 17) and the values of a; (Eq. 18) for each member.’ For the sake of | a 

brevity, only one eycle of the procedure i is presented. Detailed computations 

are given for a value of = 2.20, which corresponds to a circular frequency of 
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and the carry-over factors. quantities are expressed in terms of the 
x EI/L of the member to 0 which they refer, and they a are obtained directly from r 


In Fig. 13(6), , the number without parenthe eses Oppos 

total stiffness of the members framing into that join “ vs These stiffnesses are . 
“expressed i in terms of the E I/L of reference n member 2. Thus, the total stiff- 


ness of the members connecting at joint “The 


R, = [3.768 (1.00) + 0.9188 (1.167) + 3.943 (0.8333) + 0.5451(1.333)] 


The number at the middle of each the ; of the stiff. 


jin 1 terms of the E of reference 1 


$1268 2.362, 1.052 


—— (0.8333) (1.111) 
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5.33. 
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3.768 


Fig. Creve oF Paocupuae For Exampie 3 WITH 2.20 guy 


eased to be cut at joint 5. "First, it is assumed that 6; = ‘ms 00 and that 


= 0. Applying Eq. 27 to 1 and 2, one oom that tar 


_ These values are shown in parentheses i in Fig. 13(6), and they are recorded on 


the diagram as they are computed. Applying | me: 28a successively t to jo 


is 


— 
ag 
he 
| 
aia — 
i731) 
= — 
of 
ns 
of 
od a 


{ odd to 
vide: 1.799) + 1.426(1. 00) + 5.333(0) _ 9 


~ 


; Th e discontinuity i in ‘slope at joint 5 corresponding to these distortions is 


= [2.362(7.630) + 1 1 799) + 1. 052(— 8. 422) + 3. 


Rig. 


Next, « one sientiees that 0, = 0 and that 6, = , are 
dja in the same manner and the results ae recorded on the diagram be be- — 
The discontinuity i in slope and the e: exciting moment at joint 5 corresponding 
— 


6 


‘The | total discontinuity i in slape and the total are, 
16. 502 6; + 18. 18.2420... (400 1) 


1.00. re rotations, 


fist 


= 7.630 | ae 


nt, 


erminan 


_ The determinant of the coefficients of and 62 i is 


this from zero the assumed value of 
not correspond to a natural frequency. By repeating this for 
several values of \; and by evaluating, in each case, the resulting determinant, a 
the curve given in Fig. 14 was obtained. The values of \2 corresponding to the a 

_ natural frequencies of the frame are recorded in | Fig. 14. > _ fundamental 


(50) 


"Ty 


— 
sect 
= 
the 
— oft 
4 
gen 
clas 


NAT NATURAL FREQUENCIES 
adi It can be shown that, for the range of frequencies considered, there ar are nO 
ina natural to modes of partial 
method has been presented for determining the undamped 
natural frequencies of flexural vibration of continuous beams on rigid supports — 
and of rigid-jointed, plane frameworks for which the joints do not displace. — ‘The 
members composing the structures have been considered to be of uniform cross — 
section and mass per unit of length. ows bertoyque 
ae In this presentation, the effect of permanent axial forces has been neglected. 
» his effect, which may be important when the magnitude of the external a 
ar on the structure is a s a sizable fraction of the critical buckling load, may be taken 


_ into account by using modified stiffness and carry-over factors which include the be: 


ihe wy at 


E 


40 


_ influence of the axial forces. These quantities may be expressed conveniently a 


in terms of the dimensionless parameter, A, and the ratio, P/P., in which P i is 7 
_ the axial compressive or tensile force and P, is the fundamental buckling load © 

of the member considered, computed on the assumption that the ends of the — 
aber are simply supported. For the limiting ce case of \ = 0, the foregoing 


| values of stiffness and carry-over factor reduce to those for an axially loaded 
bar which does not vibrate. . Thus, the problem of investigating the elastic 
‘instability of continuous beams and frames becomes a special case of the more 
general problem of determining the natural frequencies of flexural vibration of 
_ structures in which the component members are subjected to axial forces. 
The procedure may be used also to compute natural frequencies of beams 
teen onal cross section o or variable mass per unit of length. _ A furthe r 
extension of the method can be made to the case of continuous beams on an 


lastic foundation of the Winkler ty pe.” To accomplish this, it is t is only neces. neces- 
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and the carry ~over factor. conte 


__ The extension of the method to the case of continuous beams on flexible — 
supports and of simple frames with sidesway has" been described elsewhere ett 
The method has been applied also to the case of rectangular | plates which are 

simply supported along two opposite edges and, in one are 


d ot This paper is based on a thesis. by Mr. V aiden submitted to the Gradu- 
ate College of the University of Illinois at Urbana in partial fulfilment of the | 


4 the degree of Doctor of in _ The 


tabulated constants were computed « on the ILLIAC, the electronic digital com- 
puter of the Univ ersity of Illinois. The appropriate. e expressions | 
for machine solution by A. J. Carlson, Jr. The writers wish to thank Mr. 

_ Carlson for his contribution to this work as well as their colleague, W. ££ ss 
Austin, A. M. ASCE, who read the original manuscript. ‘and made helpful 


Determination of the Natural Frequencies of Continuous Beams on Flexible Supports,”” by A. 
i, “Veletsos and N. M. Newmark, Proceedings, 2d U. 8. National Cong. of Applied Mechanics, ASME, June, } 


“Determination of Natural Frequencies of Continuous Plates Hi pd Alene Two Opposite 
and N. M. Newmark, Journal of Applied Mechanics, Vol. 23, 1956, pp. mm 102. I 
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Jacos Karo.” M. _ASCE.—The paper is a notable contribution to the 
field of vibration analysis of f beams: and plane frameworks. comprehen-— 
si sive tables of the phy sical constants required for analysis are of great value ae 
_ the solution of a particular problem. The method of analysis should be readily 
~ understood | by structural designers because it is based on the familiar goncepte 


The determination of the natural frequencies using the authors’ procedure — 
“still involves considerable computation. Alternate solutions for the three 


~ numerical examples v will be presented v which, it is felt, are simpler and more ex- 
_ peditious. The sign convention and nomenclature established by Messrs. 


Veletsos and Newmark willbe retained. 


x... i. =—6 = 334 
K 050 3.365 3.302 3.704 2.481 
(1.00) (080) (135) (090) 


RK. .. 2.256 2.225 3.214 
1642, 7.233 2233 


3004 2893 


Comections = 1322-1416 
"6828 S911 O817 


Example 1.—This example involves the determination of the 


natural frequencies of a four-span contin uous beam. ‘The a uthors’ proce dure 
requires the application of a unit rotation at the left support if the end is hinged ~ 
or partly” heres or a unit moment if the end is fixed. . Rotations are computed © 
att the succ ive supports by Eq. 106; for a hinged or ] partly fixed end at sup- 
port z, the moment must be determined 
The alternate procedure involves the computation of the effective stiffness 
at the s successive supports using Eq. 3. The second term on the right side of 
_Eq. 3 represents the change in stiffness. _The detailed calculations for Example - 
_l are shown in Fig. 15. The bottom line in Fig. 15(d) shows the effective stiff- 
ness at the supports. It should be noted that the value of Ks = 0.817 E I/L 


; represents the moment required to produce a unit rotation and agrees with the © 


<a be carried only to the penuiltinate support, and the natural frequency 
_ would be that for which the effective stiffness at that support was zero. 


Prin. Design ‘Engr., Needles, Tammen t Bergendoff, Kansas Mo. 
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KAROL ON NATURAL 


“= sway which can be ssived by the basa acy used for continuous beams. The 
— alternate | solution is shown in Fig. 16. Because joint 1 is fixed there is no 
= change in stiffness at joint 2. my Because joint 3 is fixed the only change i in stiff- 
‘ness at joint 4 is that involving member 2-4. The effective stiffness at Ks = 

s 2.492 E,I,/L,. Dividing the moment by ‘the rotation computed by Messrs, 


and Newmark for joint 5, Ks= 2493 
llustrative Example 3 —This example involves a closed without side- 
a sway. For this type of frame the authors present a general procedure requiring : 
‘ the solution of a second-c. der determinant. _ The particular | frame chosen for 
analysis i is not as complicated as it may appear - at first glance. . ~ Because it is 
ed two stories high and symmetrical about the center line, the frame is basi- 


— cally a a single quadrangular loop with branching members. aoe a frame can i 


analy aed directly without the use of determinants. 


a The solution is shown in n in Fig. 17 for A: = 2.163, which the authors indicate is 


the lowest natural frequency. In Fig. 17 (6), the numbers above the line 1 repre- 


wre. 5.144 3.138 8.549 2.459 3.405 


ho 


sent the stiffnesses and the numbers below the line the of the stiff nesses" 


bil For convenience, the loop, 5-3-4- 6, has been 
continuous: beam. It is first necessary to compute t the effective stiffness at 
joint 4 using Eq. 3. N ext, a unit rotation is applied at the cut ends of joint 5. 
_ The rotations induced at joints 3 and 6 are computed using Eq. 13a. ‘These’ a 
Z rotations in turn produce rotations at joint 4. The rotation of joint 4 induces _ 
rotations at joints 3 and 6. _ The final rotations are shown in Fig. 17(c). os An 
independent analysis for these rotations using ‘simultaneous slope-deflection 
i equations checked the results shown. Knowing the rotations at the joints, the _ 
moment at 5 is computed using Eq. 9. af doomou 


Ms = (2.365 — 1.227 X 0.767 + 1.268 — 3.365 0.787) Toque ods 


to? 
| & 
i 
4 
Carr 
stiffness excent that the stiffnecses of members 1-2 and 9-4 have heen 
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ON NATURAL FREQUENCIES 

Because the moment is almost zero, the assumed frequency i is very close to the 
ie natural frequency. The natural frequency determined by the writer corresponds * - 
D _ An analysis for the lowest natural frequency assuming the columns fixed at  . 
- joints 1 and 2 showed that it occurs at a value of Az = 2.182. This indicates 
‘ that it may be possible to isolate and — the two top stories of a multi- < 


It is worth noting that the solutions presented herein permit the 
of all _ computations directly on the structural diagram and make use of only — 
300m 3.00 m 
we 


ae 


Carried-over rotations....1.00 —» -0.218  0.321/0.301<—-0. 599 1.00 


© JOINT ROTATIONS FOR CLOSED LOOP 


slide rule. The suggested procedure also saves considerable computation. 
oo may therefore find it preferable to the authors’ procedure for oo 
lems where it is applicable. ide sft lo cotteduqutes lt yniviovai 


ANESTIS 8. -VELETSO8," J.M. ASCE, “AND NATHAN M. NEWMARK, 26 M. 


—The procedure presented by the writers for the computation of the 


natural frequencies of continuous flexural members is i indeed only, one. of a 
humber of possible procedures for applying the general method described i in the 

‘Paper. . Mr. Karol discusses an alternate procedure based on the “effective- je 
Research Asst. Prof. of Civ. Eng., Univ. of Illinois, Urbana, 
Research Prof. of Structural Eng., Univ. of Illinois, Urbana, Ill. 
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“ stiffness criterion.” ‘This procedure cc consists of (a) ) computing, for a on of 


_ frequencies, the effective stiffness of some joint of the structure; and (b) deter- 
. - mining the frequencies for which this stiffness becomes identically equal to 
— zero. The information presented by Mr. Karol is of considerable value and his 
discussion i is greatly appreciated. $e ti dads bowoda® bag. 


a _ It may be of interest to note that, in the course of the investigation which 
resulted in the present f paper, the writers studied several alternate procedures, 
r including the procedure described by Mr. Karol. An account of these alternate 
procedures together with a brief discussion of their ‘Telative merits is available.* . 
For particular problems s¢ some of these alternate procedures—especially the 
i" procedure described by Mr. Karol—may be somewhat simpler to to — than the 
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K's, in.terms of 


ness, 
(axis for dashed curve) 
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18. or » FOR E XAMPLE 


However, for the fairly broad class of problems con- 

Og sidered, the procedure described is found to be generally ‘superior to all the . _—~iprig 
<a ‘There are presented herewith the reasons which, in the opinion of the writers, | loo 
male the procedure described in the paper generally superior to the procedure — ; Ww 

involving the computation of the effective stiffness. | mir 

pie In so far as the computation of only the fendamental frequencies of 

4 continuous beams is concerned, there is no advantage i in using one poee ae 
over the other. | However, for the determination of the higher natural frequen- 
cies, the procedure described requires fewer trials than the procedure involving ig 


the computation of the effective stiffness. |. 


Method for the Natural Frequencies of Continuous Beams, Frames and Certain 
_ Types of Plates,” by A. 8. Veletsos, thesis presented to the University of Illinois at Urbana, in 1953, in 
fulfilment of the soquirements for the the ) degree of Doctor of Philosophy, p PP. “37. 
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Asan illustration, the c curves in Fig. 18. pay ‘These curves ‘pertain 


+ F ‘the beam analyzed in Example 1. The solid-line curve is the same as that'given ‘ = 
in Fig. 4. The dashed-line curve?’ shows the variation of the effective stiffness 
is | at support 5, K;', a8 a function of the frequency parameter, A;. For both 
the A;-intercepts correspond to the unknown natural frequencies. One ob- 
bh that, for the range of frequencies corresponding to the fundamental 
queney of the beam, the variations in shape of the two curves with variations 
ie ~—stthe frequency parameter, are of the same type and order of magnitude. 
either curve can be defined with the same number of points. Be- 
1 cause the computation of each individual point involves essentially the same , 
1@ — amount of work by either procedure, it makes little difference which of the two 
- procedures is used in this case. However, for the range of frequencies corre- a 

sponding to the higher natural frequencies, the situation is quite different. 

Me _ this range of frequencies, the curve represented by the dashed line is discon- 

ia _ tinuous (the discontinuities correspond to the natural frequencies of the © 


2 beam) when fixed at the right end), and in certain Tegions it varies from positive _ a 
* values to infinite negative values and then returns to positive values over a 
| small range of frequency. One can easily miss one of the natural frequencies by ‘ 
4 investigating the problem with too coarse a variation in forcing frequency. — 
4 


The dotted-line curve can be said to be “sensitive” to minor variations of the 
_ frequency.:. On the other hand, the curve represented by the solid line is both 
continuous and much less sensitive t to ‘variations in frequency. becomes: 
apparent that the number of points necessary to ‘approximate the dashed-line: 
curve is considerably larger than that required to establish the solid-line curve. } 
‘That i is, the higher natural | frequencies | can be determined with fewer trials by _ 
the described than. by the procedure involving the computation of 

= rr 2. The procedure presented by the writers has a wider field of application 7 
than the . procedure involving the computation of effective stiffnesses. Whereas a 
the first procedure has been generalized to apply to continouus frames involving _ 
any number of closed loops, the second procedure does not appear to be — 
- of extension to frames involving more than a single closed loop. = 
_. Mr. Karol’s procedure for determining the effective stiffness of the frame 
analyzed i in Example 3 is both interesting and efficient. However, as appro- — 
priately pointed out, this frame is basically a single quadrangular loop with. 7 


(axis for dashed curve) 


rotational restraints at the joints. Extension of the same procedure to multiple. 
frames does not appear to be pestible: 26 tet al 
_ In‘some cases the effective stiffness of a multiple-loop frame may be deter-. 
‘mindd by moment distribution or slope distribution. It should be noted, how- 
_ ever, that these procedures do not always converge to ananswer. Convergence 
of the moment-distribution procedure can be assured only for frequencies of a 
vibration which are smaller than the lowest natural frequency of the system con-— 
sidered..7. A similar condition appears to exist for the slope-distribution pro- 
cedure. In general, these procedures can be used to determine only the funda- 
mental frequency of a structure. However, even for the. range of frequencies 
on “A Method for Caleatatias the Natural Frequencies of Continuous Beams, Frames and Certain a 


Types of Plates,” by A.,S. Veletsos, thesis presented to the University of Illinois at Urbana, in 1953, in 4 ; 
¥ _ partial fulfilment of the requirements ™ the degree of Doctor of Philosophy, p. 190, Fig. 20. ~~ 
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“corresponding. to the fundamental the procedures of ‘moment 
_ distribution and slope distribution may “converge 80 slowly that they become of 


3, An important feature of the procedure described in the paper is that it 


4 also provides information on the distortions of the structure during vibration. 
Because the rotations of the joints are evaluated in this procedure, the natural | 
‘modes can be sketched readily. _ From the shape of a natural mode, it may be > 


% possible to determine also the order of the corresponding natural frequency. _ 
0 With reference to the solution of Example 1 by the effective ve-stiffness criter- 

“ “If the end support had been fixed, the computation of the effective stiff- 


sero. 


lem considered by Mr. Karol, this procedure is quite satisfactory. "However, 
it is worth noting that the same procedure when applied to the computation of *4 
the higher natural frequencies will, in : general, fail to detect those natural fre- 
quencies for which the joint at the penultimate support remains stationary. — * 
To a avoid this difficulty one should compute t the effective stiffness at) the fixed — 
a support. ‘The natural frequencies are then those frequencies for which the 
effective stiffness at that support becomes infinite. If these frequencies were 1 
to be evaluated graphically, it would be more convenient to plot the reciprocal ar 
of the effective stiffness, Ww 
_ then to determine the frequencies for | which the reciprocal of the stiffness: ; 
_becomesequalto zero, 
Some explanation appears ew regarding the use of determinants in 
the procedure described in the paper. The reason for using determinants was — 
_ to make it possible to compute § also the natural frequencies csbeapending to 
Mr. Karol refers to the possibility of determining the natural frequencies of ; 
a multistory building by considering only the two top stories rather than the __ 
complete structure. In commenting on the limitations of such a simplification — if 
it is necessary to distinguish between fundamental Snquendias: and higher 
In so far as the computation of the fundamental frequencies is concerned, & 
it is believed that the proposed simplification. will be sufficiently accurate for 
most practical purposes. Obviously, if the stiffness of the restraints at the base 
of the simplified structure could be determined accurately, the natural fre- — 
quencies of both structures wo would be the e same. The fact that these restraints 


% to the of restraint at ends. Therefore, rea- 
sonable approximation for ‘the dy namic stiffness of these restraints should lead 


not be overlooked, however, that these 


rath 
stru 
ther 
; j i at that support was fro! 
the computation of the fundamental frequen An 
a 
the 
aha 
> 
be evaluated in advance is Not very serious. © naturai frequencies 
stiffnesses may actually be negative 


than positive. As | possible aid in estimating the magnitude of the: 
dynamic restraints at the base of the tn two-story frame, one may use 
an approximate equation presented elsewhere.?* Teed 


analysis 
v structure does not appear to be promising. For multistory frames, the oo 
of natural frequencies are functions of the number of stories. _ It appears, — 
- therefore, unlikely that all significant higher r natural frequencies « of a amultistory 
_ frame can be determined by considering only the top two stories. Additional i 
studies are necessary before the degree of accuracy and the range of ‘applica- 
bility of this simplification can be established adequately. 
_ In the solution of the illustrative examples, the use of short cuts which may — 
confuse the casual reader was purposely avoided. As may readily be inferred 
- from Mr. Karol’s discussion, the solution of Example 3 could be simplified by 
: replacing columns 1 and 2 by rotational springs and by expressing the distor- :. 
tions of the structure in terms of 6; and 0, rather than i in terms of A and 62. fm 
An additional simplification could be achieved by u using available tabular data” 
- for the dynamic stiffness of bars simply supported at the far ends. Re 
Mr. Karol is to be thanked for his pertinent comments. — - His discussion of — 
“the effective-stifin iffness proce cedure and of some of the practical aspects 0 f (the 
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he _ % “A Simple Approximation for the Fundamental Frequencies of Two-Span and Three-Span Contin- 7 
> 


uous Beams,” by A. 8. Veletsos and N. M. Newmark, Proceedings, ASME, 2d U. in National Cong. of 
Applied Mechanics, 1954, p. 144, Eq. 6. of add od Of Jt. 
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OBSERVATIONS. ON ‘THE URBAN “TRANS- 


BY HARMER E Davis A. M. ‘ASCE 


a tyes To provide a setting for an examination ¢ of the problem of urban trans- 


portation, the interrelationship of urban development. and transportation is 
_ presented, and a series of observations pertaining to the urban transportation 


Bie the case of a widespread problem, it must be attacked by parts; but 
- chances for a successful solution are enhanced by having an over-all strategy. 
EB attempting to solve the transportation problem in large cities today (1957), 


it seems to be the policy to solve separate problems by short-term expedients. 
Policies based on an over-all view are lacking. 3 
_ _It is obvious that the various elements of the urban transportation problem _ 
are interrelated and that alterations in one phase of transportation facilities 
and services can markedly affect some of the other phases—and sometimes 
adversely. Although many measures for facilitating the movement of people — 
and goods in in 1 congested urban areas are earnestly and d sincerely ¢ advocated as a 
‘means of i improving transportation services, when taken collectively the various — 
_ proposals for relief often appear as aggregations of contradictions. 
Whether it is possible to develop a unified transportation policy | for an ; 
tabla area is. uncertain. However, with a . better understanding of the effects 
of various transportation factors on the functioning of a community, it would — 


more feasible to the > numerous: proposals which are being urged. 


a INTERRELATIONSHIP OF TRANSPORTATION A AND URBAN DEVELOPMENT 


a seteaniiied problem, it is helpful to review in retrospect a typical develop- __ 
_ ment of an urban pattern as related to the availability of transport se1 service. “9 
_ For this purpose, an imaginary city is pictured as passing through many y stages : 
of development to become a metropolitan center in a period of approximately a 


Nore. —Published, , essentially as printed here, in August, 1955, as Proceedings Poser 769, Positions 
and titles given are those in effect when the paper was approved for publication in Transactions. _ 


- 1 Prof. of Civ. Eng. and Director, Inst. of Transportation and Traffic Eng. ‘Univ. of Caltlornia, 
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‘URBAN TRANSPORTATION 


~ people | walked to their destinations—to work, to the store, to market, tochurch, 
or to school—with the exception a few more opulent citizens. Industries 
were relatively small and the workers lived close by. Many small businesses _ 
were conducted on the same premises where the owner lived with his family. br 
‘The size of such businesses were generally dependent on n their accessibility by 
time passed, a mass transportation system in the form of horse-drawn 
a cars was established. For a moderate cost, many more workers and their 
ar families could travel faster and with less effort than walking. The business — 
section developed and became more specialized because owners, clerks, and = 
_ shoppers could live some distance away. _ 
; they could draw workers from a greater radius, ‘and the c city gradually expanded 5 
¥ as improvements in speed, comfort, and scope of the public system of convey- — 
followed in succession. Schedules, tandem cars, and steam dummies 


part of the urban way of lifes baa: 

_ After approximately 50 years (circa 1880) t the electric streetcar made its 
appearance. These electric cars could transport people twice as fast as the | 
_ horse car on three times as fast as they could walk. Peoplenowhadaneven _ 
broader choice of where to live and work. © Expansion accelerated, and special- — 
ization of economic function in parts of the city was more greatly emphasized. 
Trolley lines extended outward from the central area of the city, encouraging 
the development of new residential areas. Some businesses and factories _ 
veloped along the main trolley routes, and more homes were built within 7 
walking distance of feeder roufes to the main arteries, 
it 1910, after a period of 80 years, nearly 90% of the people rode to work 

_ and to most other places on streetcars. Streetcar operation on extended routes 7 

“made the central business district easily accessible to large numbers of people. ak 
AB a result, the central business district became compact; downtown land values _ 
soared and skyscrapers were built. There appreciable congestion on the 


4 


_ downtown streets because of the horse-drawn drays, hacks, and streetcars. — 
‘The building of an elevated railroad system or a subway similar to those in 
Chicago, Ill., and New York, N ge Kaji was planned, but such facilities were 
— eostly and it was difficult to decide in which direction the first line should be 
built. In addition, the interurban railway which c operated partly on private 
right of way was fairly sa satisfactory. bi bie 
About this | time, a . new vehicle, the automobile, was appearing on the 
“streets, and its price was gradually lowered by an industry that was using 
mass-production techniques. . Increasing numbers of people bought them 
because they y were pleased to have an increasingly dependable, private means — 
_of transportation. Whereas in 1900 people could live three miles from the 
heart of the > city and reach | the downtown section in from 30 min to 45 min, by Z 
1920 the traveling time by ‘automobile was from 10 min to 15 min. — With : a few 
- more minutes of travel time, they could live still farther away, or they could 
build homes in the rather sparsely settled tracts. between the now (1920) 
extended trolley routes. A star-like pattern of growth was beginning to filk 
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\N SOCIETS. 4 -OF CIVIL ENGINEERS 
an over-all pattern developments emerging although it was spotty 
because clusters were forming around former villages, or new satellite com- — 
munities were being developed around | rudimentary small business com- 
The foregoing sketch of the pattern and rate of growth of this i imaginary 
- city illustrates the observation that the real city limits (that is, limits of the 
urban complex, not political boundaries) are set by time rather than by dis- 
tance. A basic feature in the functioning of a city is the interchange of goods © 
and services on a daily basis. For interchange within this time scale, the speed 
_ of transport appreciably conditions the functional size of the community. __ 
Because of the increasing use of the automobile, the public transportatio 
_ system ceased to be a monopoly. Competition between the streetcar and the 
 tatomebile became more marked and more complex. - Because ‘it provided | 
flexible, convenient, and rapid personal transportation, the automobile at- 
tracted many users who could have or otherwise might have used the streetcar. — 
‘= addition, the automobile competed for space on the city streets. Congestion ‘" 


mounted but was partly allayed by street-widening programs, the building of — 
boulevards and arterials, and other traffic facilitation devices. 
a long-term decline in the use of mass transit became discernible by the 1930’s. — 
_. New situations were created by the accelerated use of the automobile. ef 
Lines of cars parked at the curbs cut down the space for ‘movement. Curb \ 
“Space became so limited that a new business developed—the parking lot and — a 
ie. ~ Today (1957) perhaps the most significant problem that has resulted from | 
_ the crowded streets is the fact that elapsed travel time from one point to 
- another is increasing. For many people in the suburbs, the time to make the 
P trip downtown by either automobile or public transit (which includes a variety _ 
_ of buses) is almost intolerable, at least as a daily occurrence. As a result, an pe 
many of them are shopping and using the services in satellite business areas 
_ which are becoming a prominent characteristic in the city pattern; even many _ 
— large factories and warehouses are moving out of the so-called industrial district _ 
to open land areas at or beyond the edges of the city. _ All such moves are i 
mi. As a result of the business nuclei which are developing, there e seems to bea 
new kind of competition, an economic competition between the satellite com- 
_ munity and the central business district. ict. This complicates efforts to establish | 
rapid transit routes. yitiel nav yew Yo 


As a second step in attempting to contribute some perspective on - the 

lag 


Satie 


general problem, ‘a condensed series of observations concerning transportation 


in urbanized areas is presented. Not all the concepts can be considered as 
we: 
exact or unc anging; : . the intent here is to provide a general summary ; of factors : 
may be useful in appraising current developments. 


When daily travel times rise above some tolerable value, people tend 
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which the average p person is _ to sila on pe fon various purposes. 
As a corollary to this, the general limits of daily movement in an urban com- _ 
munity to set by rather than distance. _ Technologic 


pansions in size e of, shifts in, the urban patterns: 
a 2. Delays, inconvenience, and rising costs resulting from congestion cause ~ ; 
Pe ‘shifts i in travel habits. | Some congestion is a natural result of the aggregation J 

of human beings in urban communities. Up to some point, the behavior of 

- majority of people will not be markedly or adversely affected by congestion. ee 


prorerose. ‘of people, and they. will react so as to avoid the congested area as 

_ much as possible. Deciding factors, however, in influencing individuals to 
shift their t transportation habits will not be congestion, per se, but increased 
travel time, delays that are judged to be intolerable, in inconvenience, and | in- 

creased costs. However, little appears to be known factually concerning © ; 
tolerable j journey times or the range in tolerable journey times although there ~ 
has been considerable opinion and speculation. (Tolerable travel times are — 
_ probably affected by habit and dite as between small towns and metropolitan i“ 

Tied _ 3, The pattern of urban growth and functioning is conditioned by the kind 

: of transportation available. Urban . growth when transit was the dominant _ 
_ mode of transportation occurred along and close to the transit routes; central 
business districts tended to be compact with high land values. . Communities 


“that have re grown and developed the automobile as as 


fexible, transportation within reach of large numbers of people. 
_ The average density of population in cities that have undergone great ents 7 
and expansion during the automobile age is in striking contrast to cities which - 
saw their major expansion during , the streetcar age. age. It appears 1 now that mass 
_ transportation cannot be supplied to the great outlying areas at a fare and — 
— service level that will induce a sufficient number of people to become transit 
‘ riders so that general street transit operations a are a profitable enterprise, at 
least a at. fare structures that are acceptable. bebo 288, ‘le 
4, With “respect. to technical efficiency, mass" transit is superior to the — 
privately owned automobile i in ‘moving large numbers of of people from one 
location to another within a relatively congested urban area. 7 In large | cities, 
‘Wana i is still depended o on for moving much of the Population during peak 


the med of automobiles which would be used if all the peak-hour — 

ners Higher transit operating costs have anaea’ from the trend toward the 

high ratio of peak-hour to off-peak-hour patronage. The present pattern of 

transit -usage—namely, -hour loads: iow 
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with income under present fare structures. Attempts to adjust income to 


TRANSPORTATION 
by raising fares and cutting off-peak- been 


rush hours. The result is that transit riding 
less and less attractive, and there is a tendency toward decreased transit riding — 
- during peak hours as well as during off-peak hours. In addition, operating . 

costs are further ‘increased, and the of transit a8 mass carrier 


0 of cars which can be accommodated in business districts. It appears that the 
supply of parking and the price of parking are important factors in il 
mining how many 'cars will come into a central business district. (A pricing _ 
policy with respect to short-time parking as against long-time parking would 
influence the total ‘number of cars which could provide transport service per 
day in a business district; this would also affect peak-hour against off-peak- 
hour traffic loads on the s streets and the problem of transit usage.) De videos. 
* 8. The uses of the public streets both as arteries for traffic flow and for | 
_ vehicle storage are in direct conflict. Community decisions to provide a 
off-street parking programs are, in effect, the e development of a policy to resolve 
_ this conflict, but often the community policy is not widespread nor consistent. _ 
Frequently much curb parking is retained, and the efforts are not commonly © 
coordinated with the ) capacity f for ingress by expressways or improved arterial 
= 9. Extended travel time also places a general ceiling on the number of cars 
that would provide transportation | service into the downtown areas; this 
_ condition appears to be contributing to the establishment and’ success. of 
suburban shopping and business centers. (These centers, however, may 7 
become equally «congested due to the same factors which in turn tend to con- 
4 tribute to a proliferation of such centers and a diffuse pattern of urban neconomic — 
fs <. 10. The decline of the central business district is not inevitable, but strong — 
remedial measures are needed to prevent further deterioration of transport 
r services which can affect the central business district. pt It appears that the | 
- central business districts of some cities have reached a plateau of economic 7 
> activity, but marked deterioration in the quantity and quality of present — 
_ transport service can conceivably lead to an appreciable decline. The situation — 
U je not appear to be stable. However, at the present time (1957) there is no 
appreciable backlog of statistics on which-to estimate ‘trends, nor is there an _ 
over-all urban transportation policy which can be relied ont to promote stability. 
ok Mass transit, ‘either rapid or local, is no lon, er a me ly. However, 
Pi 0 gera onopoly. owe er, 


- Policies which would permit carriers to adapt operations to current conditions 
would appear r to be worthy of formulation and serious is consideration. aoms dare 


ye resulted ciat 
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_ 12..Rapid transit cannot be expected to operate successfully unless con- 
_ ditions favorable to inducing large-volume patronage are created. Successful 
rapid transit operations which have so far been instituted appear to be’  asso- 
ciated with two population characteristics: (1) A large totalpopulation an d 
(2) a high density of population. These characteristics have assured mass 
"origins and destinations of large-volume patronage on selected routes. Large 
"passenger volumes are necessary to provide revenue to underwrite investment __ 
in very costly facilities: A problem facing communities with a diffuse pattern 
Fs of residential development is that of obtaining mass origins. , Some students 
] of the rapid transit problem claim that for a new system to be successful, riders. 
\ must be collected at stations to which they can drive and park with ease, and 


pateonage must be by service. tata late lo bee 


tot AT ity { 9 
The current pattern. ‘of over-all urban “transportation management—if 


indeed : it is management—is chaotic; coordination would appear to be essential 
for ‘satisfactory operation. v The responsibility of designing and constructing aut 


the street, road, and expressws ray systems lies in the departments < of the state, 


3 city, and county governments and in special districts in some locations. The 
routing and operation « of transit systems is centered 1 in a separate department 
of city government or in a private company. ‘The maintenance and servicing 
of streets and lights and the utilities which lie along the streets are in still other 
- departments. _ The control of traffic movement usually is the responsibility 
of another department. y The regulation | of public ‘carriers is by one or ‘more y 
‘separate agencies of state and local government. _ The general urban planning 
functions are directed. in yet _another ‘department. The lack of adequate 
io 
coordins ation between disperse managment functions is well known. 
More serious, however, is the fact that this kind of management pattern has 
also Severely lessened the possibility of an over-all transport policy being 
evolved by” those directly ‘concerned. This condition in turn has prevented 
- the presentation of any coordinated policy to the citizens of the a = 


If the urban problem is to be with maximum 

in transportation and at minimum costs, a comprehensive and coordinated 

treatment and a consideration « of complementary and alternate forms of 

transportation are required. Especially to be considered in the large metro- 
-politan areas are the interrelationships between the provision and use of te 
facilities for automobiles the offering and use of mass transportation 
service. A coordinated and comprehensive approach would necessitate the 

_ coordinated planning of facilities and their operations. Realistic, coordinated aa 
planning, i in turn, would require a a backlog of factual information and a factual - E* ; 
appraisal. — Furthermore, an effective scheme o of management of all the com- “yy 
plementary forms of transportation, a scheme which would result in efficiency 

but retain the essence of native democratic processes, would have to be found. _ 
Finally, new problems in financing, both with respect to source of funds and to 
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traffic congestion and improving transportation service. The questions still — 
aoe How can such an attack be made? Why has it. been delayed?) A 
_ part of the answer to the latter question lies in a lack of sufficient. basic data, 
_ Appraisal of the urban transportation problem is no simple task; the planning © 
—_ design of adequate and publicly acceptable tr transportation systems. will 
require the technical knowledge and skills of many. engineers and ‘specialists 
a the use of a great variety of factual data concerning the functioning of b 
-camt to tadt at io 
§ - In the middle 1930’s, most of the state highway departments began the - 
- more-or-less systematic collection of data pertinent to the financing, con-— 
struction, and use of rural state -highways—data whieh — since been found 
be indispensable to sound highway planning. The u ave. not 
- been so fortunate with respect to accumulating the ‘statintioal tools with, which | 
to plan. The necessity for the routine collection of basic information was not 
always apparent in 1 most areas, and 1 until recently no apparen nt urgency ex sted. : 
There is no single agency which is ‘responsible for the collection of data. _ The 
be resulting situation is one in which existing factual data are insufficient to permit 
comprehensive appraisal of f the problem. However, the recent establishment 
. of the National Committee on Urban Transportation may provide a means of 


should not be impossible to devise coordinated transportation systems 
4 which meet the social and economic needs of the entire population of an area. 


_ The devising of such a scheme will require a great deal of patience, wise use 
of existing laws and the enactment of new ones, fullest cooperation ‘amon B 
existing potential governmental ag agencies, and great expense, Iti is obvious 
that finding the right solution to the transportation problem | will require not 
4 only the full use of technical knowledge ‘and skills but also the wide, citizen - 
participation. Iti is the | public which will determine, through their ‘support, or ei 


lack of it, whether or not the right solu solution has been found. 
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: The n method of tiormal mo s is applied >. e analysis: of elasto-plastic 
ae buildings subjected to impulsive loads, foundation uplift, and on 
viscous damping. Interaction of foundation rotation and plasticity in 
the superstructure is described. short table of modes and fre- 


is included. 


The use of the norlil modes of vibration t for the solution of dynamic prob- 
lems involving shear | uildings is ex extended i i in 1 this paper to include the dis- 
_ placement of structures subjected to. (a) impulsive torsional loads, (b) the de- __ 
velopment of plastic actiondn the frame-and.the foundation, (c) 
instability” or uplift of the foundation, and @s ‘nonuniform n viscous damping. 
+The interaction of foundation rotation and plasticity in n the superstructure a ; 
described and a general to solution of the problem is is 


Shear buitdings are defined as idealized istory strietures with the 
1. The mass sof the building and the applied forces are concentrated at the | 


ae The motion | of the building i is due to shear only. The displacements due. 7 


to flexure of the building as a whole are negligible. 


im alt Asi ano. ayy 


The elastic shear in any story is ony of the deflection 


For: the purp se of dynamic analysis such ‘idealized buildings are analogous 
r 


to rigid frame structures with stiff floor systems and flexible columns and to, 


= Nore.— Published, essentially as printed here, in April, 1955, as Proceedings-Separate No. 676. Posi- 7 
tions and titles given are those in effest, when the paper was ‘approved for publication in Transactions. _ Is 
Associate, Ammann and Whitney, Cons. Engrs., New York, N. Y. Iv 
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many other of sich ratios ovdeall flexural de- 
a emeere can be neglected. A typical five-story shear building is shown in Fig. © 
a ‘equations of motion for a multistory shear building with impulsive 
~~ ia loads will be developed in terms of the normal modes of vibration. The 
use of normal modes is advantageous because the problem is thereby reduced 
from the selution of the NV simultaneous equations that would-be required by 
_ the direct application of the Newton equation of motion to the solution of N 
independent equations for a building with N degrees of freedom. 
Numerical methods, such as as finite differences, trial and error, similar. 


_ procedures, may be used effectively in the solution of the dynamic problems 
‘trea treated herein. However, the methods described are also applicable where e it is 


i a possible. to obtain analytic solutions. | They. have been used by the writers for 


Ties 
an 


numerical analys sis of a three-story. building subjected long-duration 
blast loading. The ‘computations | followed the finite-difference theory and 


done with the aid of only ordinary ‘automatic desk- type. calculators. 


_ However, it is recognized that as the number of of stories increases the volume of 


~ computations: also increases ‘rapidly, ‘and when the number of stories exceeds ; 


approximately five the use of high-speed digital computers or analog computers — 


The equation of free vibration for the ith floor of a , shear building (Fi ig. 2) 


ie. ; 4 on a —_ foundation, in which the vertical load divided by the ated height i is. 


d foun vhich the vertical | he story height i 
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for that portion of the building under the ith floor, and equals the abs absolute 
5 horizontal displacement of the ith floor : at the time, t. Per ’ 


‘The displacement at any time, ¢, may be expressed in terms of gy ad . 


modes, bis and the generalized coordinates, q(t),a8 ae 


2.—Tyrrca Force Syérem ror Tue ira 
in which Q is the generalized force, 


is epplied to the ith Ti is kinetic, ¢ energy, 


bosilevous 


Ni is the nun number of s stories; and is the frequency of the jth ‘mode, 


negligible compared to the story stiffness, K;,is jg u 
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SHEAR BUILDINGS 


The of forced vibration in in of the coordinates, 
become 


‘Thus far bea assumed that the story masses horizontal 


motion only. ‘This assumption is valid if the foundation material is infinitely 


‘rigid. the foundation i is elastic, the building will also rotate about an axis 
through the centroid of and perpendicular | to the direction of 


3.—Distorrep Position oF AN IDEALIZED BUILDING ON A 


_ For this case, the following equation ‘of motion may be obtained : 


in which 2, V(t) are jain modified generalized coor coordinates, frequencies, 
Pe and modes, respectively, of a building rotating elastically about the. centroid 


‘ “Earthquake in Shear Buildings,” by M. G. Salvadori, ASCE, Vol. 119, 


171, 
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“on The mode, v(t), may be be expressed a8 odd , Jodin 


(1) = Ce da(t) +L Crs $;(%), 
in which the cocfiicients, and Cj, are given by any athe p 


ae of Ce = bali) Val) Min (10) 
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Mend 
. 4.—Distortep Position oF aN IpEaLizEp BurLpING ON AN 
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In Eq. 10, denotes: the “rocking mode”’ of the building: gia 
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SHEAR BUILDINGS > 


The symbol, I pinntiete the total moment of inertia , about the : axis of rote- 
tion, 


The max: be expresse mo 


vibeotions caused by ape has been previ- 


Supsectep TO IMPULSIVE Torque 


hen a str ted ona | elastic foundation i is subjected to vertical 

- impulsive loads having a moment, ‘Mx (Fig. 4), about the centroid of the base, — 

_ an additional term must be added to Eq. 8. Considering the work done by the 
‘moment, an additional generalized force due to the moment a hy 


equation of motion in terms of the generalized coordinates Wile. « 
at == P; + Me C, 6 
; Then the moment is caused by vertical loads and the rotations are dai the 
; : of the equivalent direct force through the centroid and that o of the couple ~ 
: ae be computed independently i in the elastic range, or as described subse- 
when the ‘uplift « or Blastio action occurs in the foundation. 
Pe ‘Hinczs BETWEEN Fioors A Burtpinc 4 


= on A Rigip FounpATion 
Plastic hinges are said to develop between any two floors—for example, the — 


ith and the (i + ‘1)th— when the relative displacement | between the ith and the “4 


Bor 


1th. floor masses is such that the shear, K 41 exceeds the yield- 
point resistance. Fig. 5 shows an idealized plot of shear resistance related to dis- 

_ placement if the horizontal components of the axial forces in the columns can fs 
_ be neglected. For a more accurate solution the horizontal components should — 
be: subtracted from the plastic shear values. From 1 the time a plastic hinge is 
first “developed until such time as the relative velocities « of the two adjacent 
_+ floors are reversed and the story : shear returns to the elastic range, the method _ 


a of analysis must take into necoun the first, and all subsequent, plastic hinges» 
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BUILDINGS 
If the problem is solved analytically, it is necessary to revise the equations 
f motion whenever any story exceeds its yield-point displacement. - ‘This re- a 
quirement also holds for a numerical solution. Because the duration of the 7 
time intervals must be kept to a small fraction of the period of the mode being , 
= computed, ¢ the possibility thet : a new hinge may develop within any one step is is 


e in equations being made either at the beginning z 
"Considering a shear building i in which ‘plastic developed 
certain stories, ‘it is clear that the plastic hinges divide the building into a num- - 
7 ber of s smaller ‘ “independent” constituent. structures (as shown i in Fig. 6) each ;* 
with its own modes and frequencies of vibration. Therefore, the  shear-building 
analysis ¢ can be applie ed to each of the constituent structures after certain 1 modi- . 
; fications due to the plastic resistance, S,(i), have been applied and the initial 


conditions established. Relative motion botieeie the foundation and the soil 
be treated in exactly the the same way. 
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Relative displacement 
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Kia. ‘Coavs Revatine SHEAR RESISTANCE 


Fie, 6.—Puastic Forces on 
~ Boy It should be noted that, for a building | ona rigid foundation, the develop. 
‘ment of a plastic hinge between any two floors reduces the problem to the solu- uP. : 
tion of two independent constituent structures. ‘Thus, a four-story building 
in which the third story a become plastic is reduced to two independent two- | 


_ story buildings with a consequent simplification of the problem and, in oaaketd 
of numerical solutions, a Ate reduction in the required labor, 


ei r stories ore fasted by plastic hinges they may be considered tof hence an 


in which the kinetic energy, T, and the > potential energy, U, are for the new Ps 
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SHEAR]|BUILDINGS 


The kinetic en energy is defined : as ricer 


idtiw qgoley: sh Suit ul yet id viilidiceog fry ty 
_ The potential energy is defined as the effect of both the internal ie external 
= work. _ This energy will also include the work done in overcoming the plastic = 
resistances, S,(i), so that after plastic hinges have been developed, the potential 
f energy, U, is equal to U as previously defined, plus the work done e by the plastic — 


‘Boe: =U + Sx 


The initial for the generalized of constituent 
4 structure isolated by the development of a plastic hinge are determined from 
the value of and at the instant the plastic hit hinge is developed. 


_ in which the superscript P' defines that instant and ¢; are the modes of the story, 


__ Multiplying both sides by ¢; ;(i) and M; aad summing over the range of the 


t-values, 


tool, 

However, oy 
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SHEAR BUILDINGS 


Temporary INSTABILITY AND PLasTicrTy IN THE 


> = can be considered to be rotating about the centroid of the foundation. This is 
a ' approximately true only if the building exerts a compressive force along the en- 
tire base. However, if the analysis indicates tension on part of the ft rotation | 


ne The analysis presented for a rocking building is valid only if the building = 


the building will actually pull away from the ground and the center of rotation 


From the soil-pressure analysis, a force diagram such as that ¢ shown in Fig. a 

4 - The fictitious tensile forces that must be eliminated are ‘equivalent to : a 

- vertical downward force, F7, through the centroid of the base, and a counter- _ 
clockwise moment, Fr e, in which e is the lever arm of the centroid. b An upward 
vertical force, F’r, and a . clockwise r moment, F're, equal i in magnitude to’ the 

_ quantities to be. subtracted are therefore applied tothe structure. 2 


— 


“Tensile force 4 -point 


7 Compression force 


Fe A tor oa. Wea Elastic stre stress dist distribution 


be Using a step-by-step, finite-difference method, a solution by successive . 


trials may be attained as follows: 
ha 1. A value is assumed for the vertical force, Fr, and the moment, Fre; as 


2. The displacements, i, are computed from Eqs. 15 and 16 by adjusting — 7 


Eg. 16 so that joo adt to le | bow Leda 


+O, = Pivali) + Mae 


= 


., 8, The soil-preasure diagram is determined on the basis of the values as- 


sumed, and Fr and Fre are computed. ' 
Steps 1 to 3 are re repeated. 


_ szymptotic approach to the final condition of equilibrium, the computed resist- 
ing moment of the foundation always being screed and the rotation oul 7 


smaller than the actual values, bas 299108 
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the difference between the plastic ‘and elastic soil 


6) 43.16 biasines onl trode soit +78 og ad yon 
ROTATION OF BUILDING WITH ‘Lance 


Plastic hinges in a about the center its base divide it 
into a number of independent constituent structures, any one of which may - 
7 a treated ‘separately i if the effects of the plastic hinges above and below are in- 
4 cluded in the analysis. plastic hinge is assumed to transmit only. a hori- 
zontal plastic resistance, S,;, and axial force, F7;,and a moment, M;. Through-— 
out: panes section it will be assumed that the plastic resistance, S,:, is known at 


sina horizontal and it may be 


e—both the columns i in each | story 'y and the floor 
1 in 1 each constituent structure remain parallel and the rotations of all 
_ stories are identical. _ The distorted plastic story is then equivalent to a pin- 
‘Sub 
Fsin 6) i 


(horizontal com 


component) 


9. —REACTIONS AT Fre. 10.—Vertica, anp HorizonTaL Components 


connected parallelogram or a series of parallelograms | when the number of 


~ columns exceeds two. The adjacent masses are moved both horizontally and 
relative to each other as the structure is rotated. ‘The’ new un- 
knowns are the horizontal and vertical components of the column reactions — 
and the story-to-story distortion,., as modified by rotation, = 4 
" Fig. 9(a) shows the plastic hinge at time, 't, in which AB is the relative dis- 
placement of the upper constituent structure at the plastic hinge and a is the 
ngle of distortion of the plastic story. Fig. 9(6) shows the resultant, F, of the 
me axial | column forces, and i their couple, M, resulting from the rotation. 
q ‘moment is a measure of the contribution of the upper constituent structure to A 
4 the total rotational inertia of the structure. The contribution diminishes - 
the distortion, a, increases. _ The resultant force, F, which is superimposed on | 
the pure couple. is caused by applied vertical loads and the vertical inertia 
- forces. The vertical and horizontal components of the plastic displacement, 
are shown in Fig. 10. teddy how od 
following parameters are then obtained for an N -story building 
n plastic hinges: N shear displacements, z;;n + 1 rotations, 0;; n plastic axial ig 
forces, Fri; and and n plastic di angles, a;. ott The following independent 
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it is also assumed that the plastic s 
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SHEAR BUILDINGS 


also ‘Prevail: N ‘equations shear 


The initial conditions (at rest) are: 


i“ if For iste hinge development at any later time, ¢, suitable initial condi-— 
4 7 tions may be derived by means of the procedure outlined in Eqs. 21 through 25. 
Xx Fora step-by-step solution in which the number of plastic hinges i is small 
, ~ (less than 3 or'4), 2; and 6; at the end of ; any time interval may be found by 
trial and error by assuming values of a; and F; for computing 6; and 2;. "The 
equations of shear displacement and displacement compatibility serve | a8 a 
~ check on the accuracy of the assumed values of a; and F;. . This: method is 
| restricted to a structure with a limited number of hinges because the solution i 
iteelf, hag n no inherent properties of convergence and depends entirely on, the 
computer’ 8 judgment and ability to visualize the action of the structure. oisoat me 
™ Unequan Viscous IN A CoMPLEMENTARY SYSTEM 


Because of the large ‘difference in magnitude that may exist wer the 7 ‘ 
‘damping due to the soil foundation and that due to the shear displacements of — 
the structure, ‘it is ‘desirable to account t for both these factors—that is, to 
evaluate the actual damping coefficients, , Be, of the kth mode of the r rotating 

_ structure in terms of the damping coefficients, ua, of the foundation and pi; of 
shear modes of the on & rigid foundation. anc and Ba 
be determined experimentally. 


ith floor, viscous damping be introduced by the addition | of linear 


velocity terms , 80 that Eq. 1 becomes baa 


in par is the coe coefficient of the damping between the Ith and ith 
Masses and in which, in general, only the I = (t+ 1), 4, and @ 
affect the motion of of the ith floor. Therefore, 


it is ‘assumed that the damping of single-degree-of-freedom 
~ systems is a eater function of the velocity, a a damping: term m may | be added to | 


her are difficult to reraiuate, directly even in the case in ¥ which rotation is 
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the ‘equation for the generalized coordinates, wh which then becomes 


The » damping coefficient, Me, May be e evaluated in terms of py and wa by con- 


sidering the dissipative function of thedamping, 
of - dissipative function,® D, ‘is such that the dainping force is the negative of 
: “4 the derivative of the dissipative function with respect to the velocity. ‘The 
‘ dissipative function may also be defined ane below 
: it! 10’ 


in instantaneous work, so that — W is.the time rate of energy 
' dissipation. . The dissipative function may be introduced into the Lagrange 


Because of the second definition of the ‘dissipative dis- 


or sipative function may be equated to the sum of the soil and shear dissipative 


functions. 
Dy = Dy. + Dyn... 


in which, Dy, the total dissipative function, Be ott los 


oko ve ule ol} ot oul ted, ult of 
4 oldevtash (34) 


oi io obwint to | 


vs, the shear dissipative function, i 


and the soil oil dissipative func function, is 


iin which | 


‘Substituting i in the foregoing equations the values c of the dissipative function 


nt 
4 and differentiating with respect to the kth generalized velocity, one obtains — abd 


§“Mathematical Methods in Engineering,” by Th. von Kérmén and M. A. Biot, McGraw-Hill Book a r 


Co., Inc., New York, N. Y., p. 219. 
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AMERICAN SOCIETY OF 
Proceeding to the limit at which | 


bas f fi sit: 


add 101 odd dat AG ot ai noite ips 
Because wir = wri, Bis = — and because wiz = 0 if repre 
any ‘story other than the 1)th, ith, Gi 38 may 


| 0.835 | —0.212 
—0.116 | —0.710 | 0.485 
0.443 —0.776 


0.599 
0.456 


1.00 0.586 
1.00 | 0.591 0.327 | —0.736 
100 | 0327 | 0.743 | 0.501 


— 
od 
then SUL ead if of LO the require Value OF fe. 
| ___If the effect of damping in the shear modes is small enough to be neglected — #4 >: aaa 
4 
> 
) 
ge 0.615 | —0.509 | 0.555 | -0.456 | 0.278 || 5 
| 4 | 100 | 0575 | -0265 | -0205 | 0.559 | -0.500 4 = 
) | 1.00 0.483 | 0.268 | —0.590 | -0.067 | 0587 || 3 | 135 
0.348 | 0.599 | 0.140 | —0.496 | —0.512 || 2 | 0.867 
| | o182 | 0480 | o6os | 0531 | 0207] 1 | o208 
— 
b — 
02 | | 040 | 0837 0028} 5 | 161 —— 
j 06 | 3 | 080 | 0.506 0.407 | 0.962 
1,00 0.599 | —0.546 | 0.462 | —0.322 | 0.165 | 1,92 
4 1.00 | 0.650 | —0.170 | —0.333 | —0.595 | —0.456 (1.68 — 
3 1.00 0.456 0.326 | —0.550 | —0.165 | 0.604 | 130 
1.00 | 0.326 0.174 201452 | —0.555 0.831 
190 | 0577 | 000 | -o582| 0582 | 
2 | 100 0.582 0.224 | —0.658 | 1.00 — 
. 
= 
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BUILDINGS 


‘Eq. 35 has it is ag general for a dissi- 

_ pative function in a building of N stories. In physical terms it represents the 
damping action between any two (not necessarily adjacent) stories, and J. 
4 _ The damping for any floor mass as given by the « equation for D substituted in 

the | Lagrange equation is equal to 0D/dq@ so that the damping force for the | 


od oF wbom 18 ote edi ni lo dustts 


TaBLes or Moves “AND” Fasqusored on odd 


of typical shear buildings having 


from two stories to five stories are presented in Table 1. In this tabulation, — 


_ M, is the mass of the ith story, K; is the stiffness of the ith story, 8 equals 
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ANI EXPERIMENTAL STUDY OF BOUNDARY- | 


HENRY. W. BENNETT’ AND CHARLES A. M. ASCE 


‘Transition on a smooth flat plate in a zero pressure gradient was cimein 


‘ine a wind tunnel using conventional surface-tube and hot-wire techniques.- 
In the range of free-stream turbulence used (0.1% to 0.5%) it is shown that: 
the laminar oscillations predicted by the Tollmien-Schlichting theory of 

laminar-layer stability play an important role in transition. ‘The process of 
transition in this case is shown to be similar to the development of a turbulent is. 

= from a vortex street, the amplified frequency feeding the rest of the 
spectrum. The effect of free-stream turbulence on the process was studied 
in terms of the energy concentrated at the amplified frequency. As antici- — 
pated, free-stream turbulence hastens the feeding of energy from the amplified - 
frequency to the rest of the spectrum. It is indicated that, at a much higher - 
level of free-stream turbulence than used in these tests, laminar oscillations 
will play no part in transition and, possibly, the nararmanat is controlled a 


4 the laminar-separation theory proposed by G.I. Taylor. __ otal lo gaol 


Yo toolls odt Jimil ot tohto al 10 


wm _ The letter symbols adopted for use in this paper are defined where they 


first appear and are arranged alphabetically, for ience of refer re ence,, in 1 the 


Appendix. 


Since L. Prandtl introduced? the -coneept | of the region 
“near the surface of a body or the wall of a pipe ' where the velocity changes { from 
-f that of the body right : at the surface to the velocity of the free stream some - 
- distance away—much research has been accomplished to discover the char- 


mah nor: —Published, essentially as printed here, in September, 1955, as Proceedings Paper 796. Posi- 
H : s tions and titles given are those in effect when the paper was approved for publication i in Transactions, — Sen 
a Supt. of Fluid Mechanics Lab., Kimberly-Clark Corp. Wis. al oft 
3“Uber Flissigkeiten bei sehr kleiner Reibung,” 


Wwe 


by L. Prandtl, Verhandlung, 3d International 
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2AaavIOMA JIVID YTAIDOe MADIASMA 
acterintics of the layer because of its importance in many probleme in fluid 
For some distance down j a flat plate that i is immersed lengthwise i in a flowing» 
stream (if the leading  édge is ¥ well sharpened, the plate i is ‘smooth, and the , 
free stream.is fairly nonturbulent), the boundary layer islaminar. The laminar 
boundary layer is thin and has the gradual velocity profile characteristic of 
laminar flow. After some distance, depénding on the roughness of the plate, 


_ the free-stream turbulence, and other factors, the boundary layer becomes ~ 


_ turbulent and assumes the usual turbulent-layer profile. _ Although it is 3 
usually. tacitly assumed that this transition occurs instantaneously, it is well 


_ known that this is not the case. Transition occurs over)a considerable length | at 


of the laminar-layer velocity profile. It is a fuller understanding of 
_ this region, the conditions that determine = oe it will occur, and the condi- A 
tions within the region that the research reported on herein is aimed. This 
research was prompted by the need of fundamental information along this 
line by those engaged in ship-model testing. In model testing the’ frictional | 
Fesistance cannot be. ‘ ‘sealed up” ’ directly because of the presence of a 


7 4 of the plate and has its beginnings weer upstream of the modification 


ze somewhat in doubt, in. no small part because of a lack of knowledge — 
the position of transition on-the model and this 


_ some well-known reports* the literature review presented herein will be brief and 
will be concerned primarily with work dealing with the effect of turbulence on 
- transition on a smooth plate with zero pressure gradient. = 
Causes of Transition—The major items affecting transition on a flat plate’ 
os are (a) roughness of the plate, (6) free-stream turbulence, (c) pressure gradients ~ 
along the plate, (d) plate curvature, (e) temperature variations, and ( f) vibra- 
tion or noise. In order to limit this study, only the effect of turbulence was 
aes the effects of the o other items have been studied elsewhere.*: 5.6 a _ 
Effect of Turbulence. —One of the: earlier, more e notable investigations of the 
effect of turbulence on transition was that of G. I. _ Tay lor.?7 Mr. Taylor 
theorized that transition was caused by separation, either momentary or 
- permanent, in the laminar layer; thus, transition should be governed by th the 
von K&rmén-Pohlhausen parameter for laminar separation. For 
turbulence such as occurs in the wake of a grid, Mr. Taylor was able to relate 
the von Kdérmén-Pohlhausen parameter to the measurable free-stream quan- ee 


oer was thus able to relate the pressure forces 


Ta of Effects of Surface Temperature and Single Elements on Boundary 


Layer Transition,” by H. W. Liepmann and |. Fila, Report No, 890, ‘National Advisory, Com-- 


mittee for Aeronautics, Washington, D. C., 1947 


“Review of Published Data on the Effect of Roughness ‘ on Transition from ‘Laminar to Turbulent 
Flow,” by Hugh L. Dryden, Journal Aeronautical Sciences, Val. 20, 1953, 
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causing i intermittent separation t te Mr. ‘Taylor evolved 
expression (u’/U») as the parameter which determines at what 
_ R,-value the boundary layer will become turbulent. In these expressions u’ is i 
the root-mean velocity fluctuation in 1 the direction of flow; U» denotes the mean Ki 
- velocity in the free stream; z is the distance from the Sading edge of the flat 


Plate along the plate; L representa the of the u/-fluctuations; and is 


on Set spheres, elliptic nly large. shieny has met 
; _ with some, objections, not the least of which is that aoe has not been 
proved to. be a necessity for transition. 1 at nada.’ to 10 919 
.. Theory of Laminar Oscillations—From purely theoretical standpoint it 
“has been found that the laminar layer, by virtue of its thickness, the kinematic __ 
viscosity. of the fluid involved, and the free-stream velocity, is able to amplify _ 
certain frequencies of disturbance. — This is in decided contrast to the theory 
at 


10" 
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‘wherein the of the disturbance was felt to be the essential 
quencies are present, was considered to be the essential thing. The 
result, of this theory is the “curve of | neutral stability” shown in Fig. 
i Fig. 1, 6,v/ Uois s plotted : as a function of R3, in which 8, is 24 f (fis frequency), 
v represents the kinematic viscosity, and R, is the Reynolds number based on a 
and (6 is the boundary-layer-displacement thickness). This curve is a 
loop, the two branches’ meeting at infinity. This curve was first plotted by 
H. Schlichting® and subsequent corrections have been made to the theory by 
6. C. Lin” which changed somewhat the position of the right side of the loop | 


(usually referred to as Branch Essentially, this loop defines which 


4 
S _ §“General Instability Criterion of Laminar Velocity Distributions,” by W. Tollmien, — 
_ Memorandum No: 792, National Advisory Committee for Aeronautics, Washington; D. C., 1936. se e 


*“Amplitudenverteilung und Energiebilanz der kleinen Storungen bei der Plattenstromung,” by 
- Schlichting, Nachrichten, Gesellschaft der Wissenschaften zu Gottingen, Mathematische-Physikalis 

Lr» “On the Stability of Two-Dimensional Parallel Flows," by C. C. Lin, Quarterly of Applied Mathe- 
matics, July, 1945, ‘Dp. 117- mets 142; October, 1945, pp. 218-234; and January, 1946, pp. 277-301. ot 
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should theoretically cause the to be amplified. 
_ If the point falls outside the loop, the disturbance will be damped, an anda point 
- falling right on the curve should neither be damped nor amplified. — ~ Assuming 
- disturbance of constant frequency is impressed on the laminar layer at a 
smalls value of boundary-lay Reynolds ‘number, the will be 


= on, as the point of observation i is moved down the = Wl the diaturbance, 
will be amplified until the boundary-layer Reynolds number reaches the value 3 
of the intersection with Branch II. At this point the wave is again damped. ; 
The question remains, if a single frequency is to be present in the boundary 
layer at a particular value of boundary-layer Reynolds number, what should 
this frequency be? In Fig. 1, the theoretical total amplification for several — 
4 frequencies is shown. =r It is immediately obvious that at each particular value of 
. Rs, one particular frequency will have received more amplification t than any 
‘ other. This frequency, then, is the one which should predominate. If this is 
- true, as the Reynolds number is increased the frequency which predominates . 
foregoing will be examined subsequently on the basis of 
= These are some of the more important results of the theory ; a more complete 
"discussion of both the theory and the results attained from it are available. - 
_ For some time this theory did not find favor, particularly among experimenta 


hi 


ists, mainly because n no one had been able to observe the oscillations which the 


1938, “however, G. ‘Schubauer and H. Skramstad i in & near-classic_ 


_ Messrs. Schubauer and Skramstad introduced oscillations of known frequency 
. and amplitude | into the boundary layer by 1 vibrating. a . very thin metal ribbon — 
at different frequencies and amplitudes in the boundary layer. By using a 
: very narrow band-pass filter on the amplified output of a hot wire moved 
_ progressively « down the plate, they were able to follow the growth and decay 


of the: frequency being considered. They proved conclusively not only the | 
existence of the waves but also that the waves would grow and ow according : 


Even more important than merely discovering the existence of the waves, = 


turbulence i is low. a 


‘The analogy of the for rmation | of turbulence from a free vortex sheet was 


used by Messrs. Schubauer and Skramstad. The boundary layer becomes 


~ u “Laminar Boun Oscillations and Transition on a Flat Plate, 


H. K. Skramstad, Report No. 909, Advisory Committee for 
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wavelike ‘eventually, discrete eddies appear. These eddies, i in themselves 
unstable and eventually decay into turbulence. The e decay into turbulence 
4 gradual, the random turbulent motion only occurring a part of the time. — 
This explanation seems to fit the quantitative data presented by Messrs. 
Po Schubauer and Skramstad better ‘than the explanation of i intermittent ent separas ‘ 
Some support is lent to the theory of Messrs. Schubaver and Skramstad 
= by F. R. Hama and I. Tani. — In connection with a study of the effect of a 
; - single roughness element on transition, Messrs. Hama and Tani towed a flat 
plate horizontally in water and attached a small-diameter pipe transversely sl 
to the plate as a roughness element . Dye was injected through a small hole i in * 
the top of the pipe i in the center of the plate into the surrounding water. The 
- motion of the dye was photographed as it progressed down the plate. At fral 
oi vortices were emitted from the top of the pipe at a constant rate and would 
move down plate with this orientation. Soon, however, neighboring 
vortices would join with one another to form a larger vortex. At some point — 
further down the plate these vortices would “explode” and the motion become Be 
random, Messrs. Hama and Tani i postulate that this may be transition. 
tS Of course, conditions behind a single roughness element are not the same i. 
gie roug 
G as conditions on a smooth plate, but photographs” do show that oriented 7 
- Vortices in the laminar boundary layer are not stable and seem to explode _ 
‘suddenly ‘some distance down the plate. ¥ ‘In the case of a smooth plate, the 
vortices are a product of the amplified boundary-layer oscillations and i in the 
wake of a roughness element the vortices are, of course, caused by the element. — 
Nev ertheless, the “exploding” | of the waves is probably the same in n both cases. 
aa Probability Transition Theory.— —One further approach to the problem is 
that taken by H. W. Emmons.* In an observation on a water-table analogy 
_ to supersonic flow, Mr Emmons observed boundary-layer transition. Th 7 
r transition could be viewed clearly because the thin layer of water, when it 
7 became turbulent, was considerably changed in appearance with either trans- 
= mitted or reflected light. 4 It was noted that t transition is not a clearly defined 
phenomenon, but is ieee an intermittent process. Mr. Emmons noted that Ps 
ie ~: virtue of disturbances carried into the layer by outside turbulence, plate 
‘roughness, vibration, or other factors, the laminar layer is disturbed. — bed. When 
disturbances reach a certain value a turbulent “burst” occurs. 
_ turbulent “spot,” as Mr. Emmons terms ‘it, moves along with the fluid and — 
gradually fans out, making turbulent everything before it. . Mr. Emmons 
notes that the “bursts” which are noted by the hot wire are these turbulent. a 
— passing over the wel The farther down the plate one observes the — 
_ flow, the larger the number of turbulent spots which haye been born upstream 7 
and | hence the larger percentage of time the particular point under observation J 
_ isturbulent. Mr. Emmons states that one » cannot describe transition in terms 7 
‘a of a single point, but rather one should be able to « define what percentage of the 
_ time any point on the plate would be turbulent. Mr. Emmons then develops 


oy 12“‘Some Experiments on the Effect of a Single Ro ess Element on Beant Layer Trensitien,” 
_ by F. R. Hama and I. Tani, Journal of the Aeronautical es, Vol. 20, 1953, p. 


Laminar-Turbulent Transition in a Boundary Layer: Part 1,” by = | ibid., 
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= be turbulent. by considering not. only. the effect. of spots formed at the E. 
point in question but also those that form upstream. Some rather complicated 

expressions result for the probability that a certain spot on the plate will be — 
turbulent. Much, additional experimental evidence is necessary to complete 4 dj 
this theory, however—primarily data on the rate of spot production, ro a! 

initial size of a turbulent spot, the rate at which a spot grows as it moves down- > ~ 
stream, and how these parameters are affected by free-stream turbulence. 

_ Although this theory will undoubtedly aid in better defining the conditions  __ 
in the boundary layer through transition, the lack of definitive data does not = 
make it too useful. This information, however, was included merely io 

indicate yet another method of. transition and: ite conditions im- 


= i. The Tunnel. —The experimental w work 1 was performed in the single-pass 


Direction Of air flow 


Expandable 
Rubber seal sides 


= composed of two quonset | huts in tandem, each hut being | raised As ft f from the ; 
floor level to give Maximum ceiling height of 17 ft. The tunnel hasal4-to-l 
A contraction ratio and test-section dimensions of 20 in. by 30 in. and 6 ft long. 
To eliminate a longitudinal static pressure gradient in the test. section, the % , 
_ sidewalls are adjustable in fixed increments as indicated in Fig. 3._ The 
velocity distribution, as measured in several transverse planes across the test 


be section, was found to be uniform to within 0.5% over the working range of the © } 


. To distribute the return flow of air over the cross section of the room, two 


: walls of 60-by-60 mesh wire were introduced across the hut as indicated in 
| ‘Fig. 2. To eliminate any remaining large- scale irregularities i in the i incoming 


ie flow, a 30-by-30 mesh screen with 0,013-in,-diameter wire was placed immedi-_ 


ately following the bell mouth. This screen was directly followed by a = honey 


— of paper tubes. with a an inside diameter o of 0.5 in si diameter of 
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625 in anda a length of 12in. Following the was a short settling 


 _Hot-Wire Equipment.— —The hot-wire equipment \ was sof the 
ae tn the changes i in voltage across the wire being an indication « of the velocity 
_ changes. Included with the hot-wire heating equipment and the amplifier 
was the usual assortment of galvanometers, potentiometers, switching circuits, + 
bridge | circuits, and similar devices. The amplifier is of the capacitance- 
9 compensated type with a flat response from 0 cycle to 10,000 cycles. 8 
oF The wires used for u’-measurements were of 0.00031-in.-diameter tungsten 
= _ wire supported as shown in Fig. 5. ‘The probes consisted of two brass strips 
separated by an insulating material. To of strips was fastened a 


Removable 
iis bell T 3 


Cardboard tubes 


thin supporting wire. The tungsten wire was welded to the support wires. ” 
“In making the few 1 v- -measurements (v’ is the root-mean-square value of 
pata fluctuation in the y-direction or vertical direction), a crossed wire 
probe v was used that was made of 0.0002-in. wire. The platinum 
- wire was soft-soldered between common | sewing needles. ‘Thee entire assembly 
_ behind the needles was encased in a hollow #-in. -outside-diameter. ‘tube, 


« 


‘To traverse the w wire, the carriage ‘assembly shown in Fig. 3 was used. . 
; part of the tunnel floor was removed and the metal bed, on which the catringe 
traveled, ¥ was inserted. lead screw, externally, gave the entire 


_ 
gay 
to 
the turbulence level in the tu 
use 
not 
‘Tal 
| 
| 
= operated from an external handwheel through a shaft and gear system, _ 1 
ae the Construction of Hot-Wire Aneomometers for the Investigation of Turbulence,” by B. G. 0 
der Hegge Zijnen, Applied Scientific Research, Vol. A2, The Hague, 1951. 


gave c crosswise motion to the mount. Although the probe wire is rather close 


to the carriage as shown in Fig. 3, no observable pressure-field effects were 

o encountered. To position the probe wire relative to the plate, feeler gages were 

3 used, and the reading on the dial indicator ieghes: to the probe holder was 
‘To measure the distribution of fluctuation energy with frequency, a pano- 
ramic sonic analyzer was used. This instrument, which is similar to an — 
-oscilliscope, samples (once a second) the frequency spectrum | from 20 cycles 1 to 
20,000 cycles and plots the output as a function of 
ate joor oAT soli bas bedeileg-hasd 


wire for v ~measurements 


<= tube. 


latula alt « ales of wt 


To obtain an average picture of the spectrum, a long-time Photograph 
a “face of the instrument was taken and the i image “burned i in” ’ the photographic 4 


ff 


' "paper. Interpretation of these photographs was somewhat difficult, but by 


connecting points of equal optical intensity it is felt that a fair picture of the i 


Velocity Measurements the he velocity at the surface of the plate a 
the: dynamic pressure was measured using rg impact tube shown i in Fig. 5. . 


0.0020-in, outside ‘diameter. . The needle w “fastened: into the 
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perpendielar to the ‘axis of a hollow br tube. mounting. 
atrangement ‘permitted the probe to be mounted in the traversing carriage. 
& static pressure was measured using the static probe 1 also shown in Fig. 5. 


This probe consisted of a long cylinder with an ogive-shaped nose and pressure 
ports around the cylinder eight diameters back from the tip of the nose. This 
"probe t was used for measuring the test-section s static-pressure gradient and also 
a8 8 reference for the impact tube when measurements were being made with | 

Flat Plate —The flat plate was of }-in. sheet steel, prepared | on a surface 

"grinder, hand-polished, and then chromeplated. The root-mean-square 

‘average depth of scratches | or tool marks was 10 to 15 microinches. ‘The 

leading of Plate was well sharpened, and a smooth transition was 
No particular contour was followed, but no 


Value of Ry x107* 


enbetheiiter 3 in saa pe at the junction between the cur curve and the flat 
part 


‘The plate was both top and bottom by @ row of bolts 


a The plate did not, at first, extend back to the end of pos test AB but it 
was ‘soon observed that the balance between the flow on either side of the plate 
was upset when the carriage of the traversing mechanism was moved back 
behind the trailing edge of the plate. To correct this, an extension of }-i -in. 
aluminum was added to the plate. No measurements were made, of course, 
on the aluminum extension, but no: further the balance of air 


a on the two sides of the oun was enoountered;' 
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Fig. 6 shows a typical series of veloci 
away from the plate (approximately one-half the diameter of the hypodermic 


eedle shown in Fig. 5) as a function of distance down the plate. 
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7 —Srant ‘anp Enp or Transition As a Foncrion or TURBULENCE 


_was referred to a fixed static probe elsewhere i in the test section. The sudden " 
rise in pressure, caused by the “washing away” of the laminar profile by the | bi ‘ 

steeper turbulent profile is usually defined as the “transition point.” Im- 


‘peewpued following the the peak of this curve is is the de decrease | in velocity a fixed! 


ng 
| 
ing 
| — 
| 
a 


distance from the surface, the growth of the turbulent 
The peak ¢ of this curve is termed the end of transition. 

‘Fig. 7 shows the start and end of the transition region for several levels of 

free-stream turbulence; in ‘Fig. 7, w’ "is the root-mean-square value of velocity 

- fluctuation in the z z (or longitudinal)- -direction. . Also shown are data taken" : 

by Messrs. Schubauer and Skramstad. Agreement is seen to be fair except 

= at the point for the lowest tunnel turbulence level, 0. 137. No explanation 

for this discrepancy was found except that, possibly, the ‘distribution | with 

frequency of the disturbances was not the same in the two cases which, accord- 

ing to the theory of laminar oscillations, would lead to different transition — 


Up, in feet 
per =] 


by pilot tube 


8. or u’/U Taroven Transrrion FOR = 0.4 
Fig. 8 shows a plot of u’/U (in which U is the mean veldcity, at some a th in 
the boundary layer) for the same conditions as the velocity plot of Fig. 6. 
Included for orientation purposes is the transition point. Once again, the — 
_ probe was a fixed distance (0. 010 in.) away from the we j It must be re- 
membered that, with the probe a fixed distance from the plate, the relative = 
_ position of the wire in the boundary layer is changing as the probe is = 
‘moved down the plate. As shown" by Messrs. Schubauer and Skramstad, | 
the amplitude of the Tollmien-Schlichting waves is a function of Ni ever- 
_ theless, for comparing conditions at different levels of free-stream turbulence, = 
this type of presentation is instructive. 
a _ From Fig. 8, it is noted that the increase in is Gites i energy is not a 
sudden phenomenon, concurrent with the modification of the velocity profile, — 
but is rather a more gradual process. To understand fully what occurs as the < 
fluctuation e energy inoreanes, it is necessary tor ex amine the frequency spectrum 
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to of —Fig. 9 of a series of ey 
of the panoramic analyzer which, in effect, are plots of output versus frequency 
oof the compensated amplifier ; in \ Fig. 9, the term M denotes the Telative 1 mag- 
 nifieation. Initially the hot wire detects low-amplitude waves, some of which 
‘appear to be stray electrical or mechanical pickup. . As the R,-value is in- © 
creased, it is seen that a particular frequency is picked up by ' the boundary 
 laye and amplified. The amplified frequency eventually becomes more and 
- more distorted as the band of frequencies which are amplified becomes wider, 
a and it appears that the rest of the spectrum ‘‘feeds” on the amplified frequency. 
‘This pattern of development was observed in all the tests made with the range 


} of free-stream turbulence used (0.13% to 0.50%); mange, important differ- 


changed. These differences, cited. offer much insight in into 


~R,=0.77x 10%. 
M=265 - 


0.87 10° +y 
M=-265 


-R += 


"100 400 4000 400 1000 4000 100 400 1000 4000 
Frequency, in cycles per second 


Fia. 0.—Srectavit DEVELOPMENT SHOWING Ovrrur or Hor Wire As a Founcrion 


or FREQUENCY with u’/Ue = 0.42% anv Us = 162 Fr per Sec 


he Effect of Velocity. —Fig. 10 shows copies of a series of photographs pie 


Referring to Fig. 1, however, it is seen that 6, v/ Uo is the important parameter 
in determining which frequency will be amplified. iT Computation of this fre- 
“quency parameter showed it to be nearly constant for the same conditions’ of 7 
turbulence but for different velocities, 
Effect of Free-Stream Turbulence on Oscillations and | Eventual Transition — . 
Fig. 11 shows the development of oscillations for the lowest tunnel turbulence , 
used (0. 13%), and Fig. 9 gives the same information for the highest turbulence, 
w/Us = 0.42%. The speed was the same in both cases. It i is immediately 

lait that, with lower turbulence, the frequency which the boundary. layer 

picks up is much lower than with the higher and, even more im-: 

‘Portant, the entiation pure. the higher turbulence | there 
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LAYER 
energy from the central frequency to the surrounding frequencies. This — 
_ process, with the higher level of free-stream: turbulence, leads to transition 
almost immediately after the appearance of the waves. With lower turbulence, 
_ however, the oscillations are pure, and there is little transfer of energy to 
_ Concerning the frequency which the laminar layer amplifies, it was noted 
rae that the frequency present at the point of observation is a function a 
_ of conditions at that point—that is, the frequency present will be that frequency 
_ which, at that particular value of boundary-layer Reynolds number, = 
received the most amplification up to that point. This implies that the fre- 
> quency should be constantly changing as the hot-wire probe is moved down 


Schubauer and Skramstad, using Mr. Schlichting’s method 


R,- 0.272x10° 
M=335 


400: 1000 » 400. 1000: 4000 100 400 1000 
ria. 10, DeveLorMentT SHowina Output oF 


FREQuENCY = 0.42% anv = 93.1 


7 data, when plotted on the curve of neutral stability, should be inside the loop, % 

somewhere near its downstream side—that is, at a particular value of 
_ the frequency present in the boundary layer should be such that the value of 

B, v/ U%e places the point near the downstream (Branch II) side of the loop. | 


tests. Most of the data are near Branch II of the loop, although a few points | 
fall outside the loop. - Some of the error undoubtedly occurred in interpreting’ 
a, It is interesting to note that, in some of the tests, the frequency amplified 
does not change as rapidly as would be predicted. In Fig. 11, for example, — i 
_ it is obvious that the amplified frequency remains nearly 1,000 cycles for some’ : 
distance: down the plate. In this respect, the experimental’ results did not» 
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tor of interest in this regard is the frequency which first makes its appear- 

in the boundary layer as the free-stream is changed. From 
—_ 9 and 11, it is seen that under conditions of higher turbulence the fre- 
ew quency which first appears with an amplitude of any importance is is considerably 
higher than the frequency which first appears under conditions of low free- 
stream turbulence. This is shown in Fig. 13, in which the value of at 

_ which oscillations first appear is shown as a function of u’/Uo in the free stream. 

. _ Fig. 13 shows clearly that at lower levels of free-stream turbulence the waves 7 
do not make their appearance until the observation is made at a higher value 

of Rs. | This )can mean either that the there is some e minimum value of free-stream a 

t disturbance necessary to excite a particular frequency or that the product of 

ia disturbance and amplification at the lower turbulence does not give a measur- i 
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Frequency, it in n cycles per second 


OF FREQUENCY WITH w/Ue = "0.13% anp Use = 162 Fr per Src 


4 lev el of the sonic analyzer. This latter conjecture is is rather difficult to believe 

because, as noted in Fi ig. ‘the amplification | given ‘a disturbance’ increases 
- manyfold with only a slight decrease in 8, v/U*». Assuming that the product — 
of amplification | and disturbance must reach some value before the wave 
becomes” discernible, it is obvious from Fi ig. 1 that the amplification i increases — a 
considerably more than the free-stream turbulence and that their product is — 

- nowhere near constant, even allowing for some difference in the initial energy 

distribution with frequency . It almost appears that there is some minimum __ 

+ _level of free-stream dicburbenes necessary to excite a particular frequency. - 
ai At any rate,-it is important to note that the waves appear ata lower value of - 

-R; the higher the level of free-stream turbulence. 
‘(Gee 
As noted previously, the photographs from the panoramic analyzer were — 


“analyzed by connecting pointa of equal optical wepeeil a the values are 
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of the squared pest at zero frequency was used. Fig. 14 shows the pleto« 
graphs of Fig. 11 analyzed in this manner. A certain amount of judgment was 
necessary in interpreting the photographs, particularly a at the lower frequencies _ 
where the trace from the panoramic analyzer never seemed to burn into the 
*" film with the same intensity as at the higher frequencies, making interpretation — 

somew hat difficult. particularly at low values of R:, was 
a certain amount of unexplained low- frequency signal, probably due in part to 
‘ mechanical vibration of the probe. Nevertheless, at higher values of Rz and 
in the middle 1 range of frequencies (from 600 cycles to 1,500 cycles), 
the curves of Fig. 14 present a true picture of the growth and decay of the 
laminar oscillations. In connection with Fig. 14 it should be noted that the 


in distribution at Re = 3. 48 Xx 
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> the amplified to grow, , the low-frequency end o of the 
- spectrum tends to become constant, and the higher frequencies start to feed 
s the laminar oscillations. It appears that the regular wave in the laminar 
_ layer cannot undergo further distortion without bursting into random turbulent 
motion. The curve showing the final spectrum is somewhat misleading with | 
7 regard to the general level. It must be realized that all Measurements wer ere "= 
taken a fixed distance from the; surface, , and i in order to get a spectrum measure- — 
without any traces of laminar oscillations it was found necessary to 


measure a distance following the modification of the laminar-layer velocity. a 


- less than in . previous measurements and caused the decrease in total energy. mo 
An instructive method of showing these data is to separate from the con- 
tinuous spectr: energy ¢ aus sed by the lamina r oscillations. ‘The method 
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This, of course, meant that the value of f y/d was considerably 
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at is similar to that used!* by A. Roshko for p presenting data on the 
_ ment of turbulent motion from a vortex street in the wake of a cylinder. The 

situation during» transition is remarkably similar to conditions in the im- 
_mnediate wake of a cylinder. In both cases, a large percentage of the total 

energy is, for some distance, concentrated i in discrete eddies which eventually 
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Fic. 15. —SEPARATION or | SPECTRA 


decay into turbulence. Ons: of the is, of course, that in 
_ 4 ‘the case of the laminar layer the total fluctuation energy is increasing, whereas ‘ 
ss in the case of a a cylinder | the the energy i is decaying. Nevertheless, the analogy} isa 
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= 16.—Rise anp Decay oF Discrete Enerey wits u’/Us = 0.42% od 

= Fig. 15 illustrates the method u used for separating the discrete energy caused 

< by the laminar oscillations. It was rather difficult to decide on a suitable 
a method because of the large differences in the curves at the higher frequencies. — 

i Admittedly, the method used does not show exactly how much of the total 


_ energy is represented by the laminar oscillations, but no other method was 
_. found that would adequately portray the changes that occur. In this method 


 16“On the Development of Turbulent Wakes from Vortex Sweets, " by A. Roshko, Technical Note No. “— 
£918, ‘National Committee for Aeronautics, Washington, D. .C., March, 1953. 
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: techy is shown in Fig. 16, in which discrete energy is plotted as a — 


function of R, for three different ‘speeds. Although there is a scattering of 


- results there seems to be no systematic variation with velocity. This certainly 
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= turbulence and the Reynolds number. Fig. 13 showed that the 
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Fig. 16 indicates that the grow ber, independent 
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velocity sdeapite the fact that the frequency found i is a function. of the reciprocal 


OW ‘ith | the different levels of turbulence used, the rise and decay of discrete 


energy are shown in Fig. 17. As anticipated, with decreasing turbulence the — “4 

_ discrete energy reaches a much greater percentage of the total energy before a ry 

Be turbulence Figs. 18 and 19 are presented. in each case the total en energy, PG 

-< _ discrete | energy, and the height of the discrete | part above the continuous” ae 


height of 


OF Part ABOVE Continuous Specrra FOR = 0.42% 

hs ¢ the discrete part was made nondimensional i in the same manner as 

of «Fig. 14. In Fig. 18, Eimez is the maximum height of the discrete-energy part 


ne of the energy spectrum and Bomas i is the maximum extrapolated er energy at mt 
frequency ion region at a fixed distance above the surface. 


sigh indicated by Fig. 18, the total energy starts to increase at the same ge 
that the discrete energy starts to increase. Th his corresponds to the initial — a 
of the oscillations into the boundary y layer. The discrete energy 
ae quickly reaches a peak and starts to decrease despite the fact that the amplified — 
~~ waves are still I present, as indicated by the continuing increase in height of the fai. 
discrete part. This indicates that the discrete part is feeding energy to the 
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frequency part of the spectrum starts to decrease, indicating that the oscilla- ‘ 
a tions are bursting into high-frequency turbulence more rapidly than the 
oscillations can grow. Following this, modification of the velocity distribution 
occurs quickly as the pitot-tube pressure rise, shown for convenience, indicates. — 
In Fig. 19, , the same curves are shown but for a higher level vel of turbulence. 
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Aside from transition occurring further forward ‘on the ‘plate, many other 
_ differences are discernible. _ The ratio of d discrete energy to total energy never 
becomes v very high which can only mean that, as quickly as the oscillations 

_ build up, they are distorted and quickly feed the rest of the spectrum. It‘is 7 
‘i, seen that the magnitude of the amplified frequency builds up it in much the same 7 4 


Manner as with lower turbulence, but the maximum is reached much faster 
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spectrum decays much more re than with lower turbulence. 
As indicated in the foregoing and borne out by the data, it is incorrect to 
_ speak of transition as occurring at any one point—its beginnings occur far 
upstream on the p late. F ig. 20 shows the plot of Fig. 7 with more of the 
“landmarks” of transition included. It is seen that with low turbulence 
al te considerable distance between the first appearance and the final -establish- 


of the turbulent boundary layer. With higher turbulence, however, 


layer washes away the laminar layer. 


ConcLusions 


pre ona pmooth flat plate in a zero pressure gradient indicated the aiealene: 2 


f “an Over the range of turbulence investigated, laminar oscillations play an 


partintransition, 


2. The frequency which i is amplified at a particular value of boundary-layer 


3. At lower levels of turbulence the oscillations appear at a higher value 

Reynolds number than at higher levels of freostream 
turbulence. This indicates either that the product of the initial disturbance 
and the amplification received at higher values of 8, v/ U*%, with lower =. 

; _ stream turbulence does not lead to an oscillation of any importance or that 
ia there is some minimum value of free-stream turbulence necessary to excite the 


a. stream turbulence is similar to the development of a turbulent wake from the 


appears. that the of transition with lower values of free- 


vortex sheet behind a cylinder. The oscillations appear at some point deter- 
- mined by t the turbulence in the free stream and quickly build up ) to an ; ap- 
é preciable value. Shortly after the appearance of the waves the rest of the 
-« spectrum feeds off the amplified frequency. — - appears that first the lower end 
of the spectrum. builds up by virtue of the distortion of the oscillations, and — 
_ then the higher frequencies gain energy, corresponding to the bursting of the 
oscillations into turbulence. _ The amplitude at the lower frequencies remains — “a 
fairly constant during this process. Shortly after the amplitude at higher 
7 a _ frequencies i increases, modification of the velocity distribution occurs. okey 
Ie wy Free-stream turbulence controls the purity of the laminar oscillations — 
c. and the rapidity 1 with which the rest of the ; spectrum 
With lower turbulence, a large percentage of the total fluctuation energy nergy in 
_ the boundary layer is concentrated at the oscillation frequency and the process 
covers a a considerable distance on the plate. higher turbulence in the 
: free stream, the rest of the spectrum feeds quickly off the amplified frequency BS 
est 4 and only a small part of the total energy is concentrated at this frequency. wt a 
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6. Extrapo ating this information to even higher levels of free-stream 
_ turbulence than used for these tests, it is obvious that at some point the 
laminar oscillations will play part i n transition. This level of turbulence, 
i - however, is much higher than had been previously anticipated. Quite possibly - 
at this level of turbulence and beyond, transition is controlled by the laminar- _ 
‘separation theory proposed by Mr. Taylor. Gh for capital 


fa The following symbols, adopted for use in the paper and for hiecaitione. yr 
: of discussers, conform essentially with “American Standard Letter Symbols — 
Hydraulics” (ASA Z10.2-1942), by a committee of the American 
Standards Association — with Society epresentation, and approved by the poe 


os = maximum extrapolated ¢ energy ‘at zero frequency through the q 


tata transition region at a fixed distance above the surface; 

Eimoz = Maximum height of the part of the energy 


ag ‘difference between total energy and. energy due to laminar 


= freque 


R. = Reynolds number basedonzand Us; 
= Reynolds number based on and Uo; he 


= mean velocity at some point in the boundary laye : : 


= mean velocity in in the free stream; 


ai = root-mean-square value of velocity fluctuation in the direction of flow; 
-Toot-mean- square value of velocity fluctuation i in the y-direction ; pill: ra 
= root-mean-square value of velocity fluctuation i in ‘the ee nibh 


4 = distance from leading ‘edge « of the flat plate along the we at 


vertical direction; ne s 28/3418 ben 
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AMERICAN SOCIETY OF CIVIL 


BE RENEWAL OF “AMERICAN ‘CITIES 


JAMES W. FOLLiN,! M. ASCE 

“The urban renewal program, authorized by the Federal Housing ‘Act a 
_ 1954 provides ier (a) prevention of the spread of blight, (6) rehabilitation of 
salvable areas, and (c) clearance and redevelopment of nonsalvable slums. 
4g Federal aids available under the Federal Housing Act of 1954 and community 


& 


activity in undertaking an urban renewal program are outlined herein. 
The engineers who are responsible for planning or providing physical — 
facilities or services in urban communities are ) AWTS | of the serious problems = 
aaa American municipalities. _ After forty years’ experience in this general ‘ 
field, i in 1953 the writer was given responsibility to administer federal aid for 7 
a slum clearance and urban redevelopment. Since that time he has s participated 7 
in expanding the program authorized by the Federal Housing Act of 1949 
into the urban renewal program provided by the Federal Housing Act of 


1954. The potentialities of this new law deserve careful consideration. a titer} 1 


Run-Down URBAN PLANT AND EquipMENT 


No city has been able to make the capital improvements required to keep» 


maa and equipment up to date. - For example, no city has solved the traffic 
9 problem. Every metropolitan area in the United States is struggling so ; 
J 4 this problem. Despite the money which has already been spent, additional — 
millions of dollars will have to be expended; this is also true in the case of of if 
y other physical facilities in the cities. litiolay Ye 
In viewing the past few decades, it is easy ° i see why this is so. Data 
for 21 large cities indicate that at capital outlays averaged approximately $10. ae 
per r capita per yr in 1910 and only $11.85 in 1940 despite price levels that were 
_ two or three times those in 1910. Current operating expenses meanwhile 
had increased from— approximately $19.50 per ca capita to to $65.40, or almost 
(235%. Thus, the ratio of capital outlays. to ‘operating expenses, which was 


3 about 52% at the ~ey of the period (1910-1940), had dropped to approxi 


 Nors. —Published, essentially a as printed here, i in August, 1955, as s Proceedings 785. Positions 
"and titles given are those in effect when the paper was approved for publication 1 in Transactions. er 
'U Urban Renewal Consultant, De L Cather & Co., Chicago, 
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- other things) contributed to the need f for change in the physical pattern of the 


oy For the most part, it has been impossible to raise the money to pay for 
such changes. Cities have found it difficult to increase revenues in proportion © 
to the increased cost of ‘the goods. and services that were > necessary from meRr 
to year. The result has been a relative decrease in expenditures for. capital 
outlays. This means, in fact, an inability to replace worn-out and obsolete — 
_ public facilities, of which an example is the replacement of school buildings. q 
oe - Difficulties i in the older sections of cities have been complicated by the extra- 
demand for community facilities in the “newer ‘sections developed 


. Therefore, it is obvious that where capital investment has been withheld — 
aa where plant has been allowed to run down, operating costs are correspond- 
ingly higher. Some cities have documented some of these costs and traced 
source to which they a1 are e attributable. Baltimore, Md., for example, has 
discovered that it needs to spend on slum areas of the city $14,000,000 per yr _ 
more than it it ‘Teceives in taxes from those areas. ‘This same type of ‘subsidy 
exists in almost every community and isa luxury | which municipal government — 
d It is only a matter of time before cities will have to face obsolescence and a 
‘hig | operating costs: as industrial concerns have been facing them for years. 
Old installations must be redesigned and replaced and new installations must 
7 be made wherever necessary, either to meet new conditions or to increase the 


efficiency w ith which the locality meets its obligations. t al 


a city allows its plant to ‘deteriorate and rock- bottom slums 
develop, it not. only loses its efficiency” but ‘also. some of the quality of its 
citizenship 1; they destroy. the incentive 


inhabitants to improve themselves and their surroundings. = a 


live. Necessary repairs to slum properties are seldom adequate or satisfactory. p 
: In making repairs or in n adding a a bath or bedroom, slum dwellers must use = 
services of any contractor and money lender they can interest in the job. All” 

too often, this results in jobs poorly done at excessive cost and in ‘second 


mortgages which keep the slum dwellers in'debt for years. 


People cannot be subjected to such conditions without 
becoming callous and indifferent; _ this, destroys” the. ‘ideals on which good 

citizenship The of the slum dweller seem as hopeless. 

1 Therefore, he ceases to fight, and it becomes easy to take advantage of him. 
Hence, he is a threat to the institutions which most people struggle to maintain. Pe 
This paper is directed to engineers who are also responsible citizens of —- a 
y communities. Therefore, it is not necessary to overemphasize the fact that 

_ this problem will become increasingly important to society and that it must 


be solved to protect the future welfare of the United States. 
program Poors For THE ALL-OvuT Arrack 16 


The tools to deal with this problem are just beginning to be developed. | 
The “federally-aided ‘program of slum clearance and urban redevelopment, 
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which has been in operation for approximately five years the 
= Act of 1949, has accomplished a great deal. Operations are being — 
conducted in more than 200 cities and towns, large ¢ or small, and scattered over * 
the United States. By the end of August, 1954, actual clearance or redevelop- 4 
? ment or both was under way in 77 separate operations in 37 communities. | F 


‘In 83 communities final project planning for 103 separate operations was ol 


being undertaken and in 94 communities, preliminary surveys for 112 separate , 
However, in spite of this progress. i in spite of the substantial prospective 
Be benefits, it became evident that the program did not have a broad enough | 
7 4 basis. Therefore, the President of the United States, in 1953, appointed an 
Advisory Committee on Government Housing Policies and Programs (Washing- _ 
- ton, D. C.) to study the problem of slums and blight ; its contribution has been — 


‘The committee’s 8 report, 2 ‘completed ix in 


1953, tates the following: a 


piecemeal attack on slums simply will not work—occasional thrusts at 
i pi slum pockets in one section of a city will only push slums to other sections — 
unless an effective program exists for attacking the entire problem of urban a 
decay. Programs for slum prevention, for rehabilitation of existing — 
' _ houses and neighborhoods, and for demolition of wornout structures and 
. a. _areas must advance along a broad united front to accomplish the renewal _ 
- _of our towns and cities. This approach must be vigorously carried out : 
in the localities themselves, and will require local solutions which vary 
In his message to Congress the recotumendations now 
i bodied in the Federal Housing Act of 1954,* the President stated: _ oe 
- __ “In order to clear out slums and blighted areas and to improve our com-— 
-_ munities, we must eliminate the causes of slums and blight. This is 
essentially problem for our cities. However, Federal assistance i 
‘justified for communities which face up to the problem of neighborhood 
_ decay and undertake long-range programs directed to its prevention. i. 4 
_ The main elements of such Programs should include— 


“First. Prevention of the spread of blight into good a areas of the com- — 

munity through strict enforcement of housing and neighborhood standards 
and strict occupancy controls: 
“Second. Rehabilitation of salvable areas, turning them into sound, — 
healthy neighborhoods by replanning, removing congestion, providing a 


: parks and playgrounds, reorganizing streets and traffic, and by facilitating 


“Third. Clearance and redevelopment of nonsalvable slum 8.” ai 


 . This new legislation differs from the ‘old legislation i in two important ways. 
4 First, it expands the scope of federal aid to include not only clearance and © 
- redevelopment but conservation and rehabilitation, and it provides other 
_ valuable benefits to the local communities. Secondly, it emphasizes local — 
responsibility by making the bulk of federal financial aid conditional on the ~ 
Ts local initiation of a satisfactory “workable program” to deal with the entire’ 
problem of slums and blighted areas. 


bs “Recommendations on Government Housing Policies and Programs, A Report of the President's : 
Advisory Committee on Gov: ernment Housing Policies an a end Frogreme,” 8. Printing Office, Washing- 


8 Public Law 560, 2d Session, 83d Cong. ™ approved August 2, 1054. 
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Pha The tools, which are available for this three-pronged attack on the problem — ' 
of urban decay, have been created by the Federal Housing Act of 1954. 
course, ‘these tools must be used by the inhabitants of various localities. 
However, when the tools are incorporated into local programs they can become 7 


Powerful indeed; this will be discussed later in more detail. A list of the kinds" a 


of federal assistance that are available is as follows: = = 


1, The urban renewal service, the chief purpose of which is to provide ~ 
- technical and professional assistance i in preparing a workable program for the -¢ 
- community and in planning and developing an urban renewal program, will 
consist of (a) a generalized series of pamphlets and information bulletins, and a 
_(b) specialized technical services developed through visits to the local com- — 
munities. This service will be available without charge, on request. 

_ 2. Advances for surveys and plans and other preliminary work for urban : 
oaae projects are available prior to approval of the workable program. 
— hd ti Temporary loans for urban renewal projects will be sufficient, if neces- 
“sary, for all working-capital requirements. = 
he 4. Definitive | (long-term) loans for urban renewal projects will be used 

_ when project land is leased rather than sold for redevelopment. ‘oft aye 


5. Capital grants for nrben renewal projects will provide upward of two- 


Special grants” for “demonstration. in urban ‘Tenewal will 
Provide for upward of two-thirds of net project cost. 


7. Special grants for urban planning assistance are authorized i in ase eparate — 
‘title of the Housing Act of 1954 and have no direct connection with urban — 
renewal ‘programs, . although they may be of great importance to smaller cities 4 
and towns, and to metropolitan areas in community ‘Planning which is an 
indispensable element of the required workable program. ating: 
Special provisions for Federal Housing Administration 
- ‘thaddlinael under the new Section 220 of the National Housing Act,‘ will 
provide easier financing for building or rehabilitating residential property in 


9. Special mortgage insuranee provisions in the new Section 221 will 
facilitate construction or rehabilitation of low-priced residential accom- 
modations to rehouse displaced families. This, will be ‘done either by urban 
renewal projects or by other governmental action. Dae 4 


~ 10. Provision for low-rent public housing will be used to accommodate 
displaced families that cannot pay for adequate private housings! 


Except for the. urban renewal service, the advances for surveys and plans, 


aad the special grants for urban planning assistance, the several types of 
_ federal aid mentioned previously are predicated on adoption by the locality 
(ofa workable program for dealing with slums and blight that is acceptable to 
‘the Housing and Home Finance Administrator. Specifications for such a 


_ workable program have recently been issued by the Housing and Home Finance 


‘faci 


4 Public Law 479, 2d Session, 73d Cong., as amended, approved June 27,1984. $= ~~ 
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ich RENEWAL Procrams “AND Phossors 


g ‘What happens when a local community starts an urban renewal program — 
an wants to undertake urban renewal projects? One can assume at he 
outset that the workable program has evolved and has been approved. It. 
ill include establishment or designation of a local public agency, which is _ 
empowered: by state and lo local. law w and which is technically and otherwise 
competent: to carry out urban renewal projects. Usher te federal law that 


agency may consist of _ ; 


State, county, municipality, or othen governmental entity or public 


‘ fhid body, or two or more such entities or bodies, authorized to undertake the © 


TO Tor which assistance - va 


All the various governmental units in the community may constitute such an 
agency, assuming joint responsibility and setting up a technical and administra- 
_ tive staff to act for the community as a whole. It may be a special housing, — 
_ redevelopment, or urban renewal organization established under enabling — 
legislation or home-rule charter. Its initial task is the delineation of a suitable 
_ urban renewal area or areas, followed by a series of successive steps for organiz- 
_ ing and carrying out a project or penjocts, _A list of six principal steps follows — 
the first step described in detail : of ines 


Organization and and planning, which will consist ‘of? tatiqn'd we 
Analytical su surveys of the project area to determine the parts of that 
= area that can be adequately handled through rehabilitation and conservation, 
and the parts that must be cleared for redevelopment; tO 
Plans for a ‘program: of voluntary rehabilitation, involving organizing 
participation of area residents and ow ners, fixing standards for rehabilitated .. 
properties, and encouraging industry support and participation; 


Plans for code enforcement to compel rehabilitation, up, 
or demolition of substandard structures; 


> 


 e. Appraisals, title searches, and other preliminary work for the acquisition d 
of any land for clearance and redevelopment;and 
wil f. A complete plan for the urban renewal area showing what is to be done ¥ 
in each part. This plan must» conform to the general plan for the. locality 
_ as a whole and must indicate all the physical changes to be made, ~ _ It includes 
not only rr re-use specifications for each part of the area to be cleared but, also ' 
4 shows the improved street arrangements, public utilities, recreational and 
4 community facilities, and other supporting facilities, such as schools, required = 


within the whole urban renewal area. 


io lgiaves uniacaly 10) alne lainaqa oda, be 
_ 2, Any parts of the urban renewal area to | be cleared oo redevelopment, 


vill be acquired. bes amule dite lo 
8. The project will also involve demolition and removal of buildings that, 
are not to be retained in the areas acquired, and ‘preparation of the land for 


redevelopment. (Of course, the plan for relocating displaced families will be 


Housing Act of 1949, as amended, approved July 15, 1949. Law 171, \st Session, Sist Cong. 
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URBAN RENEWAL 
Installation, construction, or reconstruction of utilities, p 
playgrounds, and other improvements necessary for the entire urban reveal - 
The land availabie for redevelopment will be disposed at its fair value 
uses in accordance with the redevelopment plan. 
6, Rehabilitation of the structures that are not demolished said do not — 
= the project standards will be completed by property owners _— industry — ; 


7 fund advances mentioned earlier. ~The outlays for the first five steps, including 
administrative expenses and carrying charges until completion of the project, ). 
may be included in gross project cost. The amount of any local grants-in-aid 

a _ which are furnished in forms other than ash is added to such outlays to 
make up the total of gross project cost. ‘The proceeds from disposal of 
7 - acquired : are subtracted from this total, and the remainder is net project cost. 
_ _ The federal capital grant for a project may amount to as much as two-thirds — 
the net project cost. r In addition, the gross and net project cost of all projects 
i in the community 1 may be pooled so that the federal contribution may amount 
: to two-thirds the aggregate net cost. The remaining third must be provided 
for by local grants-in-aid. _ These may consist of cash, donations of land, work 
in the project supporting facilities, as school batidings 
+ other public facilities necessary to achieve urban renewal objectives. ,. 

Based on experience to date, one can expect that in many instances the © 

local government will recover its contribution in a , short time. In 1953, after a 
making a study of the clearance and redevelopment eperaiiens of 10 cities 

_ chosen at random, the Advisory Committee on Housing Policies and Progame 
_ Teported? t that tax receipts in the affected areas could be expected to increase 
from approximately 2} times to as much as 10 times. pa Using only 75% of the a 
estimated tax-revenue increases, 15-yr bonds could be serviced in amounts — 
— Fete: to meet or substantially exceed the local grants-in-aid required in 
7 of the 10 projects studied. am re 
With reference to the net federal outlays, which : amount to tw twice the local 
“outlays, the recovery will, of course, be indirect rather than direct. _ However, _— 


in view of the large of ‘and the better, stabler i incomes of 


the residents and business concerns to be expected in the areas: cleared and © 
redeveloped or upgraded by rehabilitation and conservation, the federal 
government w vill undoubtedly ‘realize a substantial recovery, on its” outlays. 
_ When the intangible benefits of sound, healthy communities, good neighbor- 7 
hoods, and accompanying higher levels of citizenship are added, these capital — 
a grants are apt to be a profitable investment for the federal government. —_— 


patil OTHER PROVISIONS ‘OF THE -Hovsina Act oF (1954 


w There are ‘theese: special programs éonnected with the urban renewal j program — 


which are of importance : ici 000,000,4 of? eshuloml 


_ 701.—This section makes federal grants available through official state planning 


ia Title VII, Urban Planning and the Reserve of Planned Public Works. — Section 
agencies, on a basis for assistance to cities with vith populations of u under 
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‘URBAN RENEWAL 
000. It also provides official metropolitan and planning agencies 
7 — matching grants. It is directed toward filling two serious gaps in local © 
planning: © _ The spread of slums and blight in small towns and cities and in the ay 
periphery areas of our big cities as well as in certain rural nonfarm 
counties and regions. These are problems for which no adequate plans and 
solutions have been provided. © _ However, it is hoped that the additional source | 
of funds will be of assistance in this respect. god odd, 
. _ Section 702.—The Division of Slum Clearance and Redevelopment does _ 
‘hot have management jurisdiction over the reserve of Planned Public Works _ 
F acilities Administration) whereas the Housing 
‘Finance Agency does. This extension of previous legislation, which is familiar : 
to civil engineers, is. directed toward encouraging localities to maintain a 
planned p public-works reserve. The federal government is not committed to 
: aiding the construction developed under this program, but these loans would : 
be Tepaid when the projects mature. All such construction plans must c 


form to approved over-all state, local, or regional plans. 
Bins Title III, Section 314 —Funds have also been provided for grants o of two- 
thirds of the net. cost for developing, testing, and -Teporting on methods and 
ere: and demonstrations for preventing and eliminating slums and 
Blight the purpose of this program is to develop new ideas and attacks on 
complex urban problems. ~The ingenuity of the technical expert must be 
_ employed because much of the work will involve the science of city building 


PorenTIAL Pusuic EXPENDITURES in REDEVELOPMENT AND REHABILITATION 
Clearance and redevelopment under the provisions of the Housing Act of 


er 1949, and rehabilitation provided for in the Housing Act of 1954, comprise the 
potentialities of the urban renewal program. Only rough estimates of the , 
cost and time involved are available, but these figures indicate the sqettcnnee, af . 
_ of urban renewal to the national economy. them. 
Although urban decay usually “concerns: all types of property, it affects 
accommodations most seriously, According to the 1950 census, approxi- 
mately 10,000,000 nonfarm dwelling units in the United States are deficient 1 
according | to modern standards and should be rehabilitated or ‘displaced. 
About 5,000,000 will have to be demolished within a reasonable time. On 
the basis of figures quoted by the President’ s Advisory Committee on Homies. 7 ¢ 


Policies. and Programs, the public « cost of clearance and redevelopment per 


dwelling unit will be approximately $3, 000. This ‘means a total public al 
for the 5,000,000 units of nearly $15,000,000,000. ts ‘a 
aif _ Rehabilitation figures are not so exact because there has been little actual © 
experience . with mass rehabilitation. - However, « on the basis of the Advisory — 
- Committee’s report,? one can assume that at least 15,000,000 dwelling units 
_ will need to be rehabilitated either extensively or slightly over a period - 
 ~years. ‘This figure includes the other 5,000,000 units cited as deficient in the — 


census but which one in enough condition to rehabilitation. 
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modernization in neighborhoods needing upgrading or conservation protection, 


ORBAN RENEWAL 

- although they may not have deteriorated to the extent to which t 
 gubject to rehabilitation under local police powers. 
_ Public expenditures required to rehabilitate neighborhoods + will amount to 
a least $9, 000,000,000 before the 15,000,000 dwelling units have been ~<a 
_habilitated and conserved against future deterioration... Thus, public expendi- 
tures of as much as $24,000,000,000 may be required to support and facilitate 

the displacement or rehabilitation the 20, 000, 000 deteriorated and deterior- — 


— 


"expense can be spared from the public treasuries. only « over a 
period of years. The $500,000,000 authorized for slum clearance and 
development by the United States. Congress in the Housing ‘Act of 1949 isa 
significant start on federal participation. — Congress will be asked for greater z 
_ authorizations as soon as they are needed, and many believe Congress. will 
meet the sum total of city requests. The rate of expenditure is the Tesponsi- -, 
of all engineers, planners, and public officials throughout the 


‘States who are interested in attempting projects that will benefit American 


At present (1954) experience inidtedtes that new ‘construction on. cleared 
: - sites i in redevelopment projects 3 will amount to four times the public expenditure 
on redevelopment. In connection with the $15,000,000,000 of public cost for __ 
_ clearing 5,000, 000 slum and substandard dwelling units, new construction _ 
might total as much as $60,000,000,000. This new construction will consist — 
~ principally of residential, commercial or industrial buildings, and other im- aa 
provements, and will be privately financed and constructed for the most part. 
Thus, the total private and public-redevelopment costs may amount < 
$75,000,000,000 which would give strong support to construction. volume and, > 
bene, to the national economy, even though it might be spread overa number ~ 
- of years. If this money were concentrated in a _ period of declining business 


we 


‘it could be extraordinarily useful. The high ratio—four construction dollars 
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SOIL MECHANICS AND WORK-HARDENING | 


Soils having cohesion and internal friction are often considered to be per. per-— 


ia the mathematical theory © of perfect plasticity, and several interesting results — 
were obtained. However, such an idealized treatment will often result in a : 
marked difference between prediction and experimental fact. In particular, _ 
_ the strong dependence of the volume change under shearing action on the prior __ 
history of the soil cannot be properly taken into account. — It is suggested herein — 


that soil be treated as a work-hardening material which may reach the perfectly 7 
_ plastic state. A remarkable qualitative agreement is then obtained with the | 
known behavior of soils in triaxial tests; additional study along similar lines 
appears most promising. yhowe ovig bivow dolitw 10,000 C00, 
There : are many of soil in which the soil is considered 
(Fig. 1) to behave as a perfectly plastic material following a Coulomb criterion, — 


é r=c cosd + 4(c, + oy) sind in which r is the radius of Mohr’s circle at yield or 


failure; c, cohesion ; angle of friction ; and $(¢, + c,), the mean normal stress 


in the plane, positive denoting compression. ‘Some ) typical examples are the 
_ stability of slopes, the bearing capacity of footings, and the pressures on retain-— 
ing walls. The familiar Rankine stress fields for active and passive pressure and 
the work of Karl Terzaghi,*‘ Hon. M. ASCE, George G. G. Meyerhof,* A.M. . ASCE, 
ds: _ Brinch Hansen,* and R. T. Shield? are based essentially on the as assumption 


Norer.—Published, essentially as here, in September, 1955, as Proceedings Paper 798. Positions 
% and titles given are those in effect when the paper was approved for publication i in Transactions. _ ; 
1 Chairman, Div. of Eng., Brown Univ., Providence, | 
 *8Scientific Officer, Building Research Station, Dept. of Scientific and Industrial Research, Watford, 
Lecturer, Dept. of Civ. Eng., Imperial College, London, England. 
= «Theoretical Soil Mechanics,” by Karl Terzaghi, John Wiley & Sons, New York, N. Y., 1943. _ ; 
«The Ultimate Bearing Capacity of Foundations,” by George G. Meyerhof, Gbotechnique, Vol. 2, 
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of perfect The implications of this basic assumption are 
~ and often unexpected, as shown | by the writer and by William Prager,* M. 
ASCE. It was shown** that ‘any generalization — of the Coulomb | criterion 
_ which lies within the framework of perfect-plasticity theory, such as the one 
~ shown in in Fig. 2, requires a anne Lemavee to accompany shearing a action in 

veal 
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_ soil with a friction angle, « ¢. In Fig. 2, B is the half asiieud the cone and 


oe 7 henever plasticity theory is applied to computations of the stress field, 


ee its consequences with respect to the displacement pattern cannot be neil 
If there is lack of agreement between physical reality and the prediction of a 


= 


hh 


is i 


abe Fia. 3. or YIELD Suavace AND 3 
‘Self- -consistent theory, the underlying hypotheses of the “theory need re- 
examination; inconsistent use of the theory is improper. blot 
Although the general concept of plasticity is accepted in the field of soil 
mechanics, | the relation between stress and strain in the plastic range involves 
terminology and special concepts that are not in common use. _ A brief descrip- 


a 


__ &“Soil Mechanics and Plastic Analysis or Limit Design,” by e C. Drucker and William Prager, 
Quarterly of Applied Mathematics, Vol. 10, 1952, pp. 157- “165. 
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a sheet or thin-walled tube will be used to illustrate thistheory, = | 


tion, therefore, will be given of the salient features of the theory of stress-strain 


_ relations in plasticity; a familiar two-dimensional state of stress in a metal 


e116 Assuming that the normal stresses, ¢, and. y, are principal stresses and that 
the third principal stress is zero, the state of stress then may be represented by a 
past (stress point) on a plot of o, versus ¢, (Fig. 3(a)). As the state of stress 
is changed, the resulting strains may be purely elastic or may be elastic-plastic. 
_ The curve which encloses elastic stress points—that is, the curve containing the 
_ “stress points which can be reached without the occurrence of plastic deformation 
—is termed the yield curve. _ In an ordinary material—that is, a work- hardening 


delormation to occur; the yield point must be exceeded. A new yield curve is 
_ then established (Fig. 3(6)) which, depending on the metal and tl the stress path, 
may or may not resemble the old yield curve. - Subsequent stress ss changes which 


cause the stress point to move inside the new curve will again cause only elastic 
changes. Tr rs 


‘Strain can be superposed on the stress-coordinate axes in order 


o permit plotting strain and stress on the same diagram. The total strain — 


consists of an elastic component and a plastic ‘component; strain increments 


4 


metetal dies stress point must move outside the yield curve in order for ag | 


4 


may also be decomposed into their elastic and plastic parts; and elastic strain _ 


increments can be from the stress by the elastic: 


relation. 
"requires that each infinitesimal plastic plot as a vector 
whi which is normal to the existing yield curve at a smooth point and which is be- 
tween en adjacent normals at a a corner. As shown, the z-component of the 
. eaters: Ae?, is the increment in the Plastic strain in the z-direction, Ae?., and 


Ae 


rice 


is or by the normalit 


y condition. 7 


A 


t a smooth point, 


acent normals at a corner or at a pointed vertex. 
_ Another important feature of the theory of plasticity is that the funda- 
#3 % aa definitions of work-hardening and perfect plasticity require that all 

yield surfaces must be Convexity means that a line between two 

- points on the surface does not pass outside the region which is bounded by the 
surface. ¥ If the state of stress is changed in the most direct manner from one 
point inside the yield surface to another point (all the stress-difference compo- 
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athematics, Vol. 7, 1950, pp. 411-418. 
“A More Fundamental A come roach to Stress-Strain Relations,” by D D. C, Drucker, Proceedings, 
8. National Cong. for ‘Applied echanics, ASME, 1961, 467-401. bien 
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phe Of the Diasuic Strain increm li 
t the plastic strain increments 1S 1n iep UT 
q crement ratio; the actual magnitudes of the strain increments depend onthe _ 
h e’extension to more general states of stress a te 
‘tional stress comnonent. Yield curves hecon e 
axis for each additional stress component. Yield curves ecome yi | 
aces in a space of three or more dimensions, and the plastic 
2 w_is normal to the existing yield surface at a smooth point or is be : 
st 
a 
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oom ‘MECHANICS: 
, a8 indicated in Fig. 
30) by the line AB which lies within the 
a _ Perfect plasticity is a limiting case of work- -hardening i in which the subse- 
2 - quent yield surfaces approach the original yield surface; in the limit there is one 
i yield surface and the stress point cannot go outside it. Plastic deformations | 
can occur when the state of stress is at yield—that is, when the s stress point is 
Assuming that the Coulomb criterion represents a yield surface for a per- 
be - fectly plastic solid, simple shear along a plane requires a motion away from the 
plane, as shown in Fig. 4(a) because the concept of perfect plasticity leads 
directly to the normality of Ae? (Fig. 4(6)). The vertical component of Ae? 
represents the increment of plastic shearing strain, Ay?. The horizontal com- 
ponent, which is always associated with the vertical component, points in the 
“direction of the tensile stress and, therefore, represents a plastic extension 
increment, Ae?, = Ay? tan ¢. wat le 


a peer several important and Interestinig results are obtained by applying 
.. the theory of perfectly plastic bodies to soils, the theory obviously has severe _ 
< = limitations. Experiments indicate that the predicted dilation is usually larger an 
ve than that found in practice. In fact, some materials decrease, rather than — i. 
increase, in volume when shearing proceeds. The discrepancy between the 
__ prediction of simple theory and physical reality is not surprising because perfect 
- plasticity i is an extreme idealization for metals and is also so for soils. Further- 
= - more, there are fundamental differences between plastic and frictional sys- _ 
tems"-11.12 and all soils are frictional systems to a certain extent. irioiilweeses 
9 _ It is possible that soil behavior can be described by a theory of plasticity. 7 
- Metals are complicated, inhomogeneous, and anisotropic materials, as are soils. ; 
: Nevertheless, the behavior of metal can be described by work- hardening, stress- 7 


strain relations for homogeneous material with initial isotropy. 


hang a8 Some PuysicaL Facts AND THEIR SIGNIFICANCE sho 


yal In any o complete theory of plasticity for soil, a number of phenomena must be 


considered, one of the most important of whichisthe plasticcomponent of volume 
v)?, which ¢ occurs: the hydrostatic or all: around 


q 


_ _ "Coulomb Friction, Plasticity, and Limit Loads,” by D. C. Drucker, Journal of Applied M. <rereonl 
VoL 21, 1954, pp. 71-74. es 4 
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il* is the difference between the applied stress and the pore- - | 


ke One may consider, for example, a a specimen of ot saturated clay which i e 


equilibrium; the effective a applied stresses are then equal. A rela- 
ale tion between the volume decrease and the pressure, p, is shown schematically _ 
in Fig. 5, in which the effective stress is plotted as ‘in all the figures. — ‘if the 
_ pressure is reduced at a stage, A, “of loading, the specimen volume increases to 
_R. If the pressure is increased again to A, the subsequent relation for volume 
_ decrease under increasing pressure is similar to that which would have been | 
obtained had no unloading-reloading cycle been ‘conducted. The unloading» 
and reloading loop (Fig. 5) may be replaced to a first approximation by an 
ad elastic line as shown at CDEB. _ If the hysteresis loop is averaged, the equiva- 
lent of a work-hardening, stress-strain relation is obtained in which the 
4 linearity of the elastic recovery may be quite pronounced. A similar type of : 
i" curve is 3 obtained for loose sand,"* but the volume changes are e much smaller than ; 


gets 
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5.——Hyprosratic Pressure 6.—TRIAXIAL ‘Fre. 7.—Secrion or Cons oF Fia.2 

If this type of behavior is to. be considered, perfect plasticity, with an ex- 

_ tended Coulomb criterion for a yield surface, cannot be assumed. The yield — ‘4g 

a. surface must cut the axis of the cone because yielding does occur for a state of — 
‘< stress which is represented by a point on the cone axis (Fig. 2). _ Also, 
havior involves work-hardening, not perfect, plasticity because continuing 

a plastic volume decrease requires increasing pressure. ¢ 

- Consider | the triaxial test shown in Fig. 6, in which o2 = ¢3, and in which 2 
_ g, and o2 may be varied independently. . It should be noted that the soil- 
4 mechanics convention is followed with compressive stress called positive and 

bey. tensile stress called negative; a decrease in volume is also ; plotted as positive. — if 
opposite convention has been used elsewhere.*® With o2 = the Cou- 

~— -_lomb criterion may be interpreted as the section of the cone shown i in Fig. 2 by 


aa the plane, o2 = 03, a8 ‘shown in n Fig. =. oa points on the axis of the con 
represent the hydrostatic pressure, = = 03. The abscissa is labelled 


, on: “Fundamental Factors Controlling Shear Properties of Sands,” by A. K. Gamal Eldin, thesis ae 
7 ome to hy University of | London in in 1951 in partial fulfilment of the the requirements fo for the cna of Doctor 
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MECHANICS 


along the line at 45° to the o;-axis and o;-axis in the plane,or. = 0. 
= i onl the soil has been consolidated to point A (Fig. 5), the yield curve, which k: 

> oe : been established for the material, must pass through the corresponding © 

hydrostatic pressure point, A, shown in Fig. 7. Additional research and study 


is needed to determine the precise shape of the yield curve. As has been 7 

"stated, 1 the yield curve or, in general, the yield surface, must be convex so that — 

< its rough outline is known even though only a few points and features are 
established. The yield curve can perhaps be approximated most simply by 

: means of two straight lines and a circular | are ¢ closure as shown on curve 1 in 

7. Fig. 8(a), which corresponds to placing a spherical cap on the open end of the ~ 

cone shown in Fig. 2. As the hydrostatic pressure increases to B, the yield bs ~~ 

surface may change to a similar curve 2 of F Fig. 8 (a), and the cone, which i is - 
established as part of the new yield surface, is apt to be larger than the pre- , 


As the writers: have indicated, the concepts of work-hardening and 
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ratio of the components of the plastic strain is given by the. direction 
_ of the normal to the yield surface, ~The components of the normal to the yield 


horizontal evondinate = - and Ac?2V2 is their ‘vector sum. 
“an Several loading paths and the plastic strain increments which result there- — 
_ from are illustrated in Fig. 8. Fig. 8(a) is a simpler illustration which, in 
* analogy to metal plasticity, ignores the changes in the yield surface that may 
ae accompany elastic unloading and reloading. In a soil the elastic changes have ~ 
much more significance. — Release of pressure results in an elastic volume in- 
crease which, in the drained test, me ‘Means an increase in water content. Yield. 
- strength i is affected by v water content so that the yield surface will change as ‘the. _ 
stress point moves inside ‘it and only elastic , strains occur. ur. Fig. 8(d) is a 
schematic illustration of of the effect of thei increase in water content on 
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from B to and i to C’ and more more 
P causes a Plastic volume i increase > somewhat 1 as in Fig. 4 0 Another path, BDD', 7 


volume change almost as for a materia. be se seen 
the ratio, OD/OB, is much smaller in Fig. 8(6) than in Fig. 8(a), All paths 
of the type described which are to the left of D’ give a plastic volume increase, 


all to the right give a plastic volume decrease. Path BEE’ is a special case of. 
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Fig. 9.—Tataxtat Test Data on Crary aT A Pressure or 120 La Per Sq In. 
Axtat Srress Increasep From: (a) ConsoLrpaTION Pressure (0 120); (b) REDUCED 

mir Pressure or 60 Lz per Sq In. (0 — 120 — 60); (c) Repucep Pressurs or 30LB 

ER Sa Ix. (0 — 120 30); (d) Repucep or Ls PER ae 


plastic de decrease in volume with = 0. refore, will bei a plastic 

_ increase in diameter of the triaxial specimen 1 for paths to the left of E’ and a 

- ‘The paths described are easily produced i in the triaxial test - Some typical a 

@ Po are given in Fig. 9, which were obtained from drained compression tests £ 


ona remolded silty clay found in England. The clay’ a 
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Figs. 9(a), 9(b), 9(d) can. be summarized as follows: (1) From 
consolidation point, B, , the plastic volume decrease is quite large compared with P 


B, there is a plastic volume decrease ; (3) from point ata adis- 
’ tance three-quarters of the way back from B, ‘the plastic volume increase'is _ 
- small; and (4) from a point which i is seven-eighths of the distance back of B, there , 
‘isa large plastic volume i increase. One must remember that only plastic: volume 
vs _ changes are indicated in Fig. 8. Elastic changes will accompany the plastic — 
changes and they must be computed and subtracted from the total volume __ 
change i in order to give the plastic change (Fig. 9) . The qualitative agreement — 
with the prediction of the simple theory is remarkable. As plastic deformation — 
begins, plastic volume expansion, contraction, and an 1 approximation the 
transition case of no change are illustrated. 
_ As plastic deformation proceeds, the rate of the change of volume do oes not 
usually remain constant. This means that as the stress, o:, is increased in the 


tests an and as the point representing the state of stress moves outside the pre- 


73 on tha: 


Fig. Successive SurFaces tn TrtaxtaL Test SHOWING TENDENCY TO APPROACH 
Rate or CHANGE oF VoLUME: (a) Expansion; Compression: 


‘ae pare yield surface, subsequent yield surfaces will be altered r 
_ significantly. Even though more data must be accumulated and analyzed, J 
7 one can speculate that the subsequent yield surfaces tend to rotate the normal to pt. 
Fy a perpendicular position with respect to’ the cone axis (Fig. 10); the rate of = 
2. plastic volume increase or, decrease would then become zero. A perfectly 
: plastic state may be approached in which the yield surface is locally parallel 
to the : axis of the cone and also in which no further hardening takes place. © The 
shear stress required for continued plastic deformation will vary. with the 
pressure, but no volume expansion is necessary. 
respect to the curves obtained for high Figs. 9(¢) 
- and 9(d) indicate that there is a reduction in strength as deformation proceeds. 
This may: be a result of frictional action and for that reason not be included in | 
“4 the existing theory of plasticity.” - Therefore, the normality ¢ condition may - , 
an approximation for curves 2 and 3 in Fig. -10(a). “9 baw 


The C Coulomb criterion may still be ‘considered | applicable as a regen 


condition for soil but i in a different sense. Although at times it might be con- 
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1, 7, and 8 are yield curves 
= this is not necessarily true. Instead it is necessary that a succession of yield 
surfaces be considered (Fig. 11). At the failure condition the stress point may 
s be on the end cap and the plastic deformation may involve volume decrease 
or increase, depending on the prior loading history. — If the failure point is on — r 
_ the end cap, the Coulomb criterion is shown by the dotted line of Fig. 11 2 
rather than by the outer line. _ The difference is not great except for the implied — 
volume change, and it is necessary to obtain additional experimental informa-— 4 


tion in order to achieve a better understanding of the behavior of soil. Because 
be 


TT 
ft the limit line is indefinite and because perfect plasticity which follows walk 
hardening i is an oversimplification, there can be no detailed agreement. 


hay Much research h has yet to be undertaken before one can say that practical - 
“goil-mechanics problems can be solved with a work-hardening theory of plas- 
- ticity. _ However, an understanding of soil behavior can be obtained which will 
be helpful in design despite the difficulty in obtaining exact solutions. The new 


approach : appears to offer many possibilities i in this direction because it Pro- 


vides qualitative agreement with known data and with previously unexplained — 


= and other convex yield surfaces should be tried. | 

‘strain relations for work- -hardening materials is so that it certainly will 
be helpful when more experimental information is available. 
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MEASUREMENT OF CANAL SEEPAGE 


By AuGusT R. ROBINSON, JR.,2 J. M. ASCE, 


AND CARL ROHWER,* M. ASCE 


‘Existing methods of Measuring seepage have been investigated by the 
-s authors i in an effort to develop new methods and to study the factors affecting 


seepage. Special studies include the effect of depth of water on seepage, ng 


seepage ‘rate. Seepage meters were found to the of magnitude of 
eo loss, although they do not provide accurate measurement. A method of analysis — : 
for using the the well-permeameter test 1 test results i in 


it reaches the farms. On forty-six operating projects constructed by ei 
Bureau « of Reclamation, United States Department of the Interior, it was 
_ determined that approximately 25% of the water was lost in transit. This 
loss consists of seepage, evaporation, transpiration, and leakage. The —— P 
- amount of water is lost by seepage. This seepage water is not only lost to a y 

ie canal to which it is appropriated but may also cause considerable demoan, 

tok lands as a result of high water-table conditions and excess salts in the a a 


- soil. . Although the water is lost to the canal, iti is not totally lost, as a “usa 
siderable amount m may go | to replenish ground-water supplies or to increase the e- 


_ Nors. —Published, essentially as printed here, in June, 1955, as Proceedings-Separate No. 728. “os 
- Positions and titles given are those in effect when the paper or discussion was approved fer publication j 1s 
in Transactions. 
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CANAL SEEPAGE = 
Methods of measuring seepage are necessary in order to determine the — 
- sagaitade of the losses and also to isolate reaches of canals where high | losses 
are occurring. Water is becoming increasingly valuable and it is necessary ‘| 
to determine whether the economic value of the water saved and the land 3 
ty Teclaimed, plus the savings i in cost of operation a and maintenance, will exe exceed. 
the cost of lining. It is also « desirable to determine whether a new canal 


Many factors have a definite effect on the seepage the 
<i of the material forming the bed of the canal is the most important one. Other a 
a factors that influence the seepage rate are: (1) The depth of water in the canal, 7% 
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th the length of time the has been in ‘the to 
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water, (4) the temperature of the water and the soil, (5) the percentage of : 
entrained : air in the soil, (6) the ‘soil-moisture tension, (7) the salt content of 
~~ soil or water, and (8) the volume of silt carried by the canal. _ Biological _ 


on n conditions. Because all these factors may act 


a may, in some cases, counteract each other, it is difficult to segregate the 


Various methods of 1 measuring seepage have been devised which are 


ble for use in the field or in the laboratory. Some of these methods. yield 
results which are the for a ofa a canal, whereas othe others 
= 


Seepage, in feet per day 
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NAL ‘SEEPAGE 


‘give the seepage rate for a small area or merely furnish inforn mation esi to the 7 
permeability of a sample of the canal bed material, either in its undisturbed ,* 


state or in a crushed, screened, and condition. If methods 


9 (5) laboratory permeability me: measurements, s, and (6) special methods ‘such ¢ as 
measuring electrical resistance in the areas where seepage i is Occurring or 
- tracing radioactive ‘material i in the seepage water. — Seepage rates based on 


i the ponding tests are the most reliable but the cost of these tests frequently 
#3 
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h ‘or this ethods must 
The project being reported on was initiated to 


“a study the factors that affect se seepage. 


Because of the limitations of the ‘enstomary. ‘methods of 
"measuring seepage, such as inflow-outflow and ponding methods, it was 
- decided i in the present study that some of the experiments would be conducted 
pools where the "measurements and factors involved could 
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a accurately determined. These pools were formed by concentric metal rings 
as shown in 1 Fig. 1.19! _ The rings could accommodate a 2-ft depth of water, a and 
_ the inflow necessary to maintain a constant depth of water could be accurately : 
a measured. — The seepage meter was | calibrated by using these rings with the ay s 

_ 4 meters installed in the outer ring and then by comparing the rate from the — q 

seepage meter with the rate. rings were in 
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ee 


a. 3.—A Merer, wits Puiastic 


“ Seepage rate, in feet per day 


— 
t 
3 
— 


also provided facilities the effect depth of wither, tempera- 
ve ture, and other related factors o1 on the rate of seepage through | soils of and 
ae In long-term seepage tests, it is significant to note the effect of time ae y 
* its related factors on the seepage rates. Generally, the seepage rate decreases 
with time after the water is first introduced. Fig. 2 shows the seepage rate 
- determined from use of 1 rings installed in ‘sandy loam during a ‘a period of two 
years. The seepage rates continued to decrease throughout the entire period — 
i. although no silting occurred. This decrease was probably due 1 to microbiologi- 


eal action, the decomposition | ‘of soil : aggregates, and possibly the clogging of 7 
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il Conservation Service seepage meter 


0 


Seepage rate, in feet per day 
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4.—A TYPICAL or oF Seeracr-MeTER 
Sgepace-Rine Tzsts 1x Sanpy 


they should measure the seepage through the area in which they are ceinaliok 

. However, such meters had never been calibrated to see if they actually did 

1 measure the true rate of seepage. _ Therefore, the main emphasis of the pres- 
ent study is on the calibration of the meters and on recommendations as to — 
_ Fig. 3 shows one type of seepage meter which was ‘adapted’ by the Bureau 
P Reclamation from the meter developed by the Regional Salinity Laboratory, — 

Soil Conservation Service, United States Department of | Agriculture (River- 
side, Calif.), and used in this study. The bell of the meter is pressed into a 
q canal | bottom | or side in order to isolate a small area. The meter is installed aa 
is is isolated so 
j 


locations in soils ranging from clay to sand. These rings were operated con 
— 
— 
a 
a 
Metlers.— Seepage meters have been widely used aS a means of 


bell from the plastic bag, which is submerged i in the dank, A seepage rate | 
then be determined from of water ¢ drawn from the bag during 
: Several hundred tests were made with the ; seepage meter in the seepage A 
rings. In some types of soil the initial rates measured by the meters were — 
much higher than those indicated by the seepage rings. An example of this - 
= is shown in Fig. 4. In other cases the seepage-meter rates were lower than 
: 7. the seepage-ring rate. The method of installation seemed to affect the results. — 
t Hammering or jarring the meters during installation tended to influence the 
‘results in that the measured rates were much lower than the seepage-ring rates. J 
_ A calibration curve for the seepage meter is shown in Fig. 5. The rates” : x 
‘measured by the e seepage meter and those determined in 1 the agree 
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on Anz Numper or Since DETERMINATIONS Pornt) 
« well up to a rate of 1.0 ft per day (cubic feet per square foot per day). How- 
ever, beyond this Point the seepage-meter rates are greater than the seepage- 
— Seepage-meter tests in canals which were checked by ponding tests yielded 4 
> discouraging results. The seepage-meter tests were made only in the canal — 
_ bottoms and at great ‘distances apart. It is believed that the discrepancy in 
_ the results was due to the possibility that the seepage was greater through the 3 { 
_ sides than through the bottom of canals. In order for satisfactory results to 


; 7 “ be obtained with seepage meters in canals, the meters pic be installed on 


be 


4 
— 
4 
~ 
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og 
p. 
| 
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made at points as close together as 


is being investigated, there j is need for information on the probable seepage loss — 
from proposed canals. _ The well | permeameter was developed by the Bureau Be 

of Reclamation for this p purpose. This device measures the rate at which © 

_ water seeps from a small well drilled in the soil on the center line of the pro- ” . be 
posed canal. After observations have been made on seepage from v wells” at 
intervals along the canal, an estimate of probable seepage loss can be made. nl 


__ The well permeameter is shown i in Fig. 6. ee _ This permeameter consists of a 


with a float mechanism. float maintains a ¢ wa 
fb an uncased hole. This hole varies in depth: but 1 is usually drilled to the 


4 
elevation as the proposed canalinvert. $= | 


_ A calibration curve for the well permeameter is shown in Fig. a 
t tae results of the well-permeameter tests have been compared to those from pond- = ‘ 
5 ing tests on the canal after completion. The permeameter test results were 
- computed on the basis of the outflow from the well converted to a unit seepage 
rate over the wetted area of the well. _ From ‘Fig . 7 it can be seen that the | 
speoeentorily is not definite for line A. For this ‘relationship the | seepage from 
_ the ponding test was considered to be through the sides and bottom of a 
canal, From previous tests it had been determined that most of the ‘seepage 
occurs through the sides of a canal in many instances. vu For this reason the _ 
a data from the ponding tests were recomputed so that all the seepage was 


considered as passing through the canal sides. This relationship is shown as A 
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CANAL SEEPAGE 


= Effect of Depth of Water on Seepage. —Seepage measurements made by the 

a ponding method during previous investigations of seepage have shown that 4 

4 @ the seepage rate increases as the depth of water in the canal increases. In 
ix - some instances the sides of the e canal are more ‘permeable than the bottom, 
which results in an increased s seepage rate as the depth of water is increased. 


In order to study the effect of bes depth on seepage through the canal 
€ 


bottom and sides. 
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Fig. 7. BETWEEN Dara From Ponpine Tests AND THOSE From 
(Aut Rates Correcrep To 60° F) Ag 13 


a bottom, seepage rings were used i in which all ee ‘seepage would occur 
_ order to determine the effect. of depth on the seepage rate the water — 
ea were allowed to drop i in the seepage rings and every two hours readings. 
_ were taken of the water depth, seepage rate, and water temperature. Fig. a 
_ Shows the effect of depth on the seepage rate for sandy loam. — The seepage 
; rate always < decreased as the depth decreased but seepage was indicated even. 


: * as the depth approached zero. This shows that the seepage | rate is not Mae 
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THE or VARIATION ON THE SEEPAGE Rate IN Loa 
IN THE OvTEeR Rina 
od 


rate did vary in a ‘straight-line relationship and the rate with 


Fig. 8 shows that the effect of depth on the seepage is greater as the permeability 


to 


The re results of several ponding tests on canals revealed, however, that the bo 


- depth-seepage relationship was not linear, but that the slope usually increased io 
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This effect was probably due to the fact that the seepage ti through 
sides was much greater than through the bottom of the canal. 

method of s solving for the permeability, k, for the rings was 

7 developed. This method is based on the results of the effect of depth study. 

The data for the inner ring were used. By projecting the lines representing 
the depth-seepage re relationship until zero depth was reached, a value was 
‘ determined for the seepage rate when the water level and the ground surface - 
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or THE Seerpace Rinc Usep For a Strupy or THE EFFEcT oF 


 Grounp-Warer ON THE Seepage RaTE 


coincide. According t to the Darcy equation, g - =  k(h/D), i in which q is { the rate. 


“the length of the soil column. — 
_ that A/I equals: unity, and g equals k at this point. Its should be pointed out 
that this is true only if a _ negative head caused by soil-moisture tension does 
not exist or is negligible. This development may prove useful in other studies 


for the permeability of soils. mod ad 
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study of seepage is the « effect of nana to ground water on the seepage tate. 
_ Previous investigators* have noted, in connection with water spreading haat 
that the seepage rate decreases as the ground-water level approaches the eur- , 

“face of the ground. a The problem was investigated by the writers to discover, — 
if possible, how important this factor is and within what limits of ground- 


‘special equipment shown in n Fig. was constructed. This equipment 
- consisted of two concentric rings with the larger ring sealed on the bottom 3 
_ and filled with soil. ‘This ring had an adjustable outlet so that the ground 

- water could be maintained at any desired level. The inner ring , was placed 
to accommodate a maximum 2-ft depth of water, which was held constant. 
_ The inflow ‘mecessary to maintain this constant level was measured accurately, 
Soil thermometers s were placed in the inner ring in order determine the 
soil temperature at various depths. Tensiometers were also placed in the 


These rings were | 


held at constant level for a period of vst five days. After a 4 
time the level was cl changed by adjusting | the elevation of the o outlet pipe. ; 
‘The elevations were changed in sequence starting at maximum depth nt 3 
| phoceeding by 6-in. increments until zero depth was reached. The ground- © 

4 water elevations | were then | lowered by the same increments until maximum 


, alt 7 The results of tests on the effect of depth to ground water on ‘the seepage > 


3 4 rate a are shown in Fig. 10. The rate for cond increased -- approximately twice 


depth the lowering of the water table did not change the rate. For 
_ the sandy loam the seepage rate had increased to approximately three times 


-. that at zero depth, when the depth to ground water had been lowered to 2.5 5 ft. 
‘The maximum _— to ground water that could be produced with the equip- 


twice the ra rate at zero sero depth © when the ground water was lowered 2.5 be below 


1 For both the ‘sandy clay and song be loam t the eh rates were continuing 


a assume that a lowering of water result in a continuing 
decrease in seepage rates, 
4 Effect of Temperature on the Seepage Rate.—It has long been rec 
; 7 that temperature should affect the seepage rate because of the known effect 
; of temperature on the viscosity of water. Because the viscosity increases as 
the temperature decreases, the seepage rate should decrease when the aa 
perature drops. However, continuous tests with well permeameters on the 


4 line of the proposed North Poudre aot Canal (Colorado-Big Shoe 


a 
_8“8preading Water for Underground Storage,” b: and D. C. 
Bulletin 578, U. 8. Dept. of Agriculture, Washington, BG 
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CANAL SEEPAGE 

‘Project i in (in that t the from the permeameters as 

the temperature decreased (Fi ‘ig. 11) a and that the maximum losses oceurred 

when the temperature was a minimum. ~ Readings twice daily o of the seepage _ 
loss from the seepage rings in various types of soil had failed to disclose this __ 
tendency. i For this reason several series of f continuous et for periods — 

\ of three days were made on the seepage rings 

affected the seepage fending» the same ‘were taken 
3 These tests were sda on several different types of soil. The rings were 
refilled between readings to minimize the effect of the drop in the water level. 
_ These observations on the seepage rate also showed St it t decreased as the — 7 
_ temperature of the water increased. se 


“typ pes of soil, but the trend was unmistakable. The maximum variation in the 
i Seepage rat rates due to o temperature occurred in the sandy soil. ‘ore the wo eats: 


Water 


Temperature, in degrees Fahrenheit 


= les —Errecr or ‘TEMPERATURE VARIATION © 


_ trend was made more noticeable. 3 results of of typical : series of Gbeervations 
were made to | ‘phenomenca ca the basis of the 
expansion and contraction of the bubbles of air trapped in the soil as the 
temperature changed, but the change i in volume of the air was too small to _ 
a for the difference in the seepage rate. The effect of the variation in 


- solubility of air in water with variation in temperature was also investigated. — 
_ Although this is a logical approach to the problem, the temperature gradient 7 


between the water and the soil was usually too small to account for the observed — 


varlation in the ‘seepage | rate. "Because | the air that remains in the soil even 
after long periods of saturation would change in volume with changes in the | 


a vapor pressure re of the saturated air in the bubbles, the effect of these changes — 
was also investigated. Voges pressure © with an increase in 
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Fig. 12 or TEMPERATURE ON THE SEEPAGE Loam 


temperature and, for this reason, the expansion of the bubbles which reduces 

4 the permeability of the soil should decrease the seepage rate as was found 

_ The effect t of change in porosity on the permeability of granular arts a 


4 has been shown by. G. M. Fair, , M. ASCE, and L. P. Hatch‘ to be proportional 


Union, ot Through Granular Media,” by J. B. Franzine, Trans- 
—~446 


on 
4 
+ 
45 
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to (1 n)?, in which n is the porosi y 0 

porosity produce large changes in the permeability, and consequently i in the | 

seepage rate, because seepage is directly proportional to to permeability. Un- 
re a the percentage of | air bubbles in the soil was unknown but by 
assuming various percentages of air the effect of changes in vapor pressure = 

Bc apaiprn corrected i in this manner for assumed values of 10% air and 


a _ approaches the observed rate. For this condition the correction for change in — - 
viscosity appears to balance approximately the correction for change in 

permeability due to the variation in vapor pressure with temperature. i AL 
. though the vapor pressure of the entrapped air seems to have a definite effect _ 
_&§ _ on the seepage rate, the precise relationship of the 98 to the seepage rate 
could not be determined from the available data. 
= 7 In the study of the effect of temperature on the seepage rate it was observed = 
| the seepage rate was small when the ‘difference between the temperature 


of the: water and that of the soil was large, and that the reverse was true when 7 -_ 


noticeable when the temperature o of the water was at the maximum during the 
day. This phenomenon can be explained by the fact | that the temperature of = 
the soil is soon raised to that of the water when the seepage rate is high, whereas 
the soil temperature is not greatly affected by the seepage if the rate is small. ct 
ag rng studies indicate that the temperature difference might be used as +4 


for the relative seepage rates from different parts of 


- the temperature difference was small. This relationship was particularly 7 


in isolated: areas. For seepage rings were used as a 
standard for the calibration of seepage meters. Additional factors which _ 
; affect seepage, such as time, temperature, and depth of water, were also studied — a 
4 using the seepage rings. The study demonstrated the fact that there are 
‘ many other factors besides the soil type which determine the seepage rate. eo 
_ The calibration of seepage meters showed that, although the meters do not 7 
: "provide an accurate method of measuring seepage, they do indicate the order — 
magnitude of the loss. losses ae than 1.0 ft per day the meters provide 


4 overregis e hammer- 
ing or jarring “— meter was likely to affect the rine . It was found that a - 


; Pa period of from two days to a week should elapse after the meters are installed 
_ before reliable readings could be obtained. The plastio-bag seepage meter 
was the simplest type to operate and the ‘seemed ‘to. be reliable. It 
wae concluded that seepage-meter measurements must be made both in the 
sides and in the bottom of canals in order to to obtain reliable estimates of seepage. 
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or wee the well-permeameter test 
in forecasting the seepage from proposed canals A further her study 
this method is needed before its use can be recommended. _ 
Studies of the effect of depth of water on seepage show that the: rate increases : . 
, a the depth increases but not in direct proportion to the increase in depth. a 
Fora high seepage rate, : an increase in depth produced : a proportionally greater - 
Dit ariation of the depth to ground water had a definite effect on the seepage _ ua 
BRAS The tests 8 showed that the seepage rate inc creased as the. depth to ground 
“water increased within the range of depths tested, except in a sandy material. ae : 
‘The tests on sand showed that increasing the depth beyond 1 ft did not further — a 
increase the seepage rate. At maximum depth to ground water (2.7 5 ft) the 
,' seepage rate in other ty) pes of soil was several times that when the ground- a > 
water level was at the ground surface. 
us several tests it was f found that the seepage rate is not : a constant but — 
may vary over wide 1 ranges for periods’ of a few hours. _ In some cases, the pe 
 Meuiet seepage rates occurred at the lowest water temperatures and the 
_ lower rates at the higher | temperatures. - Because this phenomenon was con- 
uence of the factors involved, a detailed 
J study was made to determine the cause of the fluctuations. These i 
however, have not been successful i in explaining the variations. 
Ng Although n much has been learned about s seepage as a result of this study, 
_ Many questions still remain unanswered and, because of the economic im- 
of losses, the study of the problem should be continued. 
‘This study was conducted the Agricultural Research United 
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tions Diviaion, Region VII, Bureau ¢ of Reclamation. 
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‘BILL ¢ ON CANAL — 


elite 


A. Hnu,! M. ASCE.—In the “{ntroduction, ” the “following 


statement appears, to which exception must be 


“Of the water diverted for irrigation in the seventeen western states of ; 
_ the United States, nearly 35,000,000 acre-ft, or approximately 40%, is lost 4 
before it reaches the farms. On forty- -six operating projects constructed by 
i the Bureau of Reclamation, United States Department of the Interior, it 
{ 


was determined that approximately 25% of the water was lost in transit. 4 


writer questions the validity of these figures, believing that 
indicated losses are ‘much greater ‘than: ‘the a actual losses on these projects. 
The quantities reported as lost in transit are merely differences between 
water that i is diverted and that presumed t to have been delivered to farms. ve 
a The qu quantity o of water diverted from a river into a canal sy stem is usually 
7 a known w ithin, reasonable limits. The quantities of water delivered to indi- 
vidual far ms, however, are not known accurately, even on . extremely well- 
“/ managed projects; they are only | approximated on most irrigation projects. 
re an _ Overdeliveries to far ms are the rule rather than the exception. F urthermore, 
“4 the quantities of water reported as having been returned to the river through | 4 
wasteways are too frequently no more than guesses by gate tenders. 
In bevel, the quantities of water reported by the Bureau Reclamation 


ents. “4 Such measurem 


gerate the apparent loss of v due seepage. 
Lie Dean C. Mucke .—The measurement of canal seepage presents problems 
a similar to those encountered in measuring infiltration on water-spreading ar eas 
_ for ground-water replenishment. _ The data presented by the authors are help- 


‘ ful in understanding some of the factors affecting this ; rate—whether it is called o 
seepage or infiltration. the case of canal seepage the desired end will 


‘The writer has ‘made numerous “measurements Of ‘infiltration on water-— 


; agree in general with those given in the paper. The Poin of the curve in Fig. 2 
is is typical : of | an infiltration ¢ curve over r the period « of time shown. A scagieted 


a | writer? and agrees with the conclusions reached by the authors. = 
_ The use of seepage rings (commonly called infiltrometers in n irrigation wit 
_water-spreading studies) is widespread. However, rarely does one find different 
‘al using the same sizes of rings, depth of setting, or techniques of ‘opera- 
4 tion. Also, there is no general agreement as to the use of a buffer. — Con- 


Cons. Engr., Leeds, Hill & Jewett, Los Angeles, Calif. 
Irrig. Engr. Soil and Branch, Research U. 8. of 
D. 


{ 
4) 
| 
& thorough understanding of the factors involved w 


3 tly, the siaiilins are ian comparable and even results obtained by the 
ey same operator are often erratic. Standardization is needed for most effectiv 
use of the data being obtained throughout the irrigated: ‘western Unite 
States. The seepage ring used by the authors has a disadvantage because he 
- its large size and the amount of water ‘required to operate it, particularly if 
many isolated sites are to be investigated. In water-spreading investigations © Mg 
the writer was asked to determine infiltration rates at locations remote from por 
any water supply so that water had to be transported by truck. A much ~ 
smaller t unit under these conditions would have a distinct advantage over that 
- The depth of setting of a seepage ring or infiltrometer is important, and the »? : 
7: oe 1-ft depth used by the authors may not be sufficient in all cases to obtain the © 
# desired result. The fact that the curves for seepage through sand in Fig. 10 = 
3 break at a depth to ground water of approximately 1.0 ft raises the question as i 
to whether the same results would have been obtained if a different depth of 


= setting has been used. for the rings. In connection with water-spreading = 


a studies,® it was found that a saturated soil column extends below the soil sur- =e 4 


4 face during prolonged submergence. — . The length of this saturated soil column 
will vary with permeability and depth of water on the surface. For soils with» 
low permeability the head loss in the soil is high and the column will be short. _ 

_ In soils with high permeabilities the column will be longer because the hea 

T ils with high bilities the column will be longer b the head 

* losses p per unit of length are less. if the depth of. setting of a seepage ring is 
ye less than the length of the saturated soil column, lateral percolation will occur 
a whereas if the depth of setting 1 is greater than the length of the soil column, no 
#1 lateral percolation should occur (except for a small capillary movement) and 
hel buffering should have no effect. It would be interesting to know whether the | 
authors performed t tests with the equipment shown in Fig. 1 while the buffering © 

rings w were not in operation and, if so, what the results were. Lasky 

The effect of depth to ground water on the seepage rate involves the 

saturated column. It is difficult to understand how ground water can affect 
the ‘seepage ra rate unless the ground water rises and comes in actual contact with — 
he the saturated soil immediately below the surface. Possibly over the range 
- tested the soil between the surface ai and the water table was saturated, or aah 
A five-day period seem: 


s Rs a _ As to the effect of head on seepage rate, the authors correlated iieiies rate 

os with depth of water on the soil surface. Actually the total effective head is the 
depth of water on the the length of the saturated soil column i im m- 


ss 8““"The Effect of Surface Head on Infiltration Rates Based on the Performance of Ring Infiltrometers 
and by Leonard Schiff, Am. Vol. 34, 1068, pp. 


ated column. Fort the ranges in water depth used, the value of is probably 
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== Ine with the authors’ the effect of temperature 
on the basis of air entrapment, it might be > mentioned t that in water-s spreading 
49 studies it was found that gases other than air were generated within a soil during 
a prolonged run. This was noticed particularly in laboratory experiments with 
oh ‘soils ¢ containing quantities of organic matter and after anaerobic conditions de- oa 
sen veloped. This information is not offered here as an . explanation of temperature 4 
a a Poke be effects but merely to add another perplexity to the problem of measuring seep- _ ‘ig 
age over a prolonged period and to > emphasize the difficulties in 
The authors cite the discouraging results in checking seepage-meter 


. i with actual canal losses determined by ponding. Similar discouraging results : a 
been obtained in experiments with small ponds, 0.005 acre in size, ested 
within a few feet of each other on soils supposedly uniform. Seepage rates 
ranging from the equivalent of that in adjacent ponds to several times that 
were obtained without apparent reason. The question is raised as to whether e 


or accepted the results from an individual seepage ring. yt we 5 


will have widespread use not necessarily confined to canal seepage. 
‘Catvin C. Warnicx,? J. M. ASCE.—The authors have presented their 
investigation of the measurement of canal seepage in a very concise and in- 
_ teresting manner. The enumeration of eight principal factors that influence © 
Seepage rates and the presentation of data covering these Seton. shows 
Ags 


5 _ The writer concurs in the opinion that the ponding method is the most Pe ol 
test for determining the average seepage loss” from a given section. 
ot. ¥ In the study of seepage meters it has been the writer’ s ‘experience that the ie = 
seepage meter shown in Fig. 3 is difficult to operate because the seepage bag 
A ro is not always capable of transmitting the Same pressure to the meter supply — “i 
es source as that outside the bag i in the water surrounding the meter. Likewise, org 4 q 
q _ the operator cannot watch what is happening to be sure the meter is functioning ae 
e properly. A meter adapted by Lloyd E. Meyers from the laboratory seepage 
Sa uri meter and used on the Weber Basin Project of Utah has merit for canal seepage are. 
eee so _ studies. The sketch of this meter is shown in Fig. 14. In order to maintain a 
a constant head of water on the confined area of canal perimeter within the — a 
7 Peg seepage meter cup, the principle of the Mariotte siphon is used. - Water is ee 
4 wae supplied to the cup from the 500-milliliter burette as a reservoir. Atmospheric oe 4 
— pressure exists at the lower end of the air inlet tube and the water in the burette — oS 
i ee above the end of the tube is. actually under a@ pressure less than atmospheric. eo 
:_ me. By setting the air inlet tube at the water surface in the canal, the e water flowing a 
3 into the soil from the seepage cup is actually under the same hydrostatic head ‘ e 


the water ‘entering the canal perimeter outside the seepage meter. Actually, 


for operation, the end of the air inlet tube is set in. above the surface 
ee _ in order to allow the bubbles of air to escape and rise to the vacuum zone of ad 


| 
| 
- 


_ burette. This type e of m meter has been used extensively in canal seepage emi - 

_ conducted by the Engineering Experiment Station of the University of Idsho 

at Moscow. A number of these meters have been operated in test i sections 

of irrigation laterals at the same time ponding tests were in progress. 0 In 

an uncompacted silt section a rather consistent relationship has been developed 7 

= averaging the readings of f numerous si seepage-meter tests with the data from 

i ponding tests. F or three years of record the loss measured by seepage meter — 


Water surface 


ath odd oF auh at nd os 


Fre. Race Seonses METER gir ris 


~ 
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owas 57 7%, 67 cmnitniea 69% of the loss measured by ponding. The writer agrees 
_ that this percentage will vary with the shape of section, degree of silting, and — 
oe condition. ‘However, if these can be standardized, a relationship 


can be established that should permit evaluation of an ‘approximate rate = 


‘The writer questions whether the comparison of seepage-meter rates with — 

the tates fi from the seepage Tings represents the ‘measurement of an n identical 7 

flow rate. “ From Fig. 4 it appears that the seepage rate from the i inner ae 
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a the meter represented | a localized area whereas the inner ring data cease 
- @ composite of a considerably greater area. Inserting the meter more than 
- or three times, it appears, would naturally change that composite figure’ 
by disturbing the soil. The fact that a seepage meter measures a localized 
4 area definitely limits the meter’s value and, because of silting in the bottom, 
7 lack of homogeneity of soil strata through which a canal perimeter cuts makes — 
the data of a single seepage-meter measurement of little real value. However, i 4 
“.  g series of careful measurements can provide data on relative loss that is — 
7 — in indicating where high-loss sections are. The writer is confident 
that seepage meters have a place in canal seepage measurements because they 
represent a cheap, quick, ‘and convenient method of measurement. 
_ The well permeameter described in the paper presents a possible device for 


time and also represents a very localized area. - | data on loss at a ‘iso 
fa area are used, many measurements must be taken. In this respect, the well — 


___- predicting seepage loss from ‘proposed canals, but each test takes considerable — 


7 show a rate of seepage which decreases with time when using seepage ring 
“q According to the authors this decrease is due to microbiological action, the d 
composition of soil aggregates, and possibly the clogging of pores. It must 
be added that, in addition to the factors mentioned, , decrease of seepage |} rate 
with time also has an . explanation based on “pure hydraulic principles. — Ac- 
_ cording to the Darcy equation, g = k(h/l). However, if a canal becomes filled 
with water, infiltrating water fills the soil pores within a distance always in- 
creasing with time. . Therefore, the value of l cannot be considered constant 
but is instead a value increasing with time. Thus, assuming a constant head — 
of water, h, the rate of flow should decrease with time because the same head — 
ad used to overcome a continuously i increasing frictional resistance. 
As for the mathematical interpretation of the foregoing, the writer presents — 
id Px following simple application. 4 A constant head of water, h, is applied oa 
a horizontal soil surface. ae The seepage velocity will be v, = k(h/z), in which 4 
z = z(t) and is the instantaneous depth of infiltration, as a function of time, ¢. 
ie true | paige velocity will be v; = e v,, in which e is the void ratio. lratio. The 


= = z(t), can b be determined from two ee saa 


setting equal the two ‘end the variables, — 


_ one determines the basic differential equation for nonpermanent seepage flow— 


‘eal Associate Prof. of Hydr. Eng., Technical Univ. of Budapest, Budapest, Hungary. wat. pene 


4 “Determination of the Permeability of Soil Layers Lying Above Groundwater Table,” by N. Szalay, — 7 
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In order to determine the rate of flow, the Darey equation is used again Bibtidiu 


That is, the rate of flow is aiiiabae bepldetteila to the square root of the ti me. 


if: _ The accuracy of rate-of-flow measurements depends on the infiltration 


= as lateral infiltration has greater influence on the pure vertical infiltration i i 


| 23 small areas than in large areas. This fact was proved by the experiments 


of L. Szabo who found that, under the foregoing conditions, the measured 


of infiltration depends on the infiltration area as follows : 


a iJon 109 Infiltration area, Rate of seepage,@, 
square meters in meters per second 


Ty 0. t 


_ The values of C1 through Cs, experimentally determined, ‘show a weadiiiey to 


decrease with increasing infiltration area Had 
Finally, it may be mentioned that the basic principles of the foregoing 
theory of nonsteady Seepage were also applied to pure horizontal seepage flow, eo 
approximately as it occurs when using well permeameters! and when infiltra- 
a develops through flood-control levees. Tn both cases the results computed — 
theoretically were in satisfactory agreement with experimental data.™= 
W. Lavuritzen“.—The ever-increasing demand for water in arid 


e 
- countries has focused attention on losses sustained in the conveyance of | 


irrigation water. of the most perplexing problems encountered has been 
the accurate determination of these losses. A few methods have been used a 
- for measuring seepage losses, but all have had their limitations and none has” 

been entirely satisfactory. As pointed out by the authors, the results ob- 

tained from ponding | measurements are probably the most reliable. — However, 
measurements can lead to erroneous conclusions unless one ‘ionshdaes) 
antecedent conditions as well as conditions at the time of measurement. b 
‘The extreme variability in seepage-meter n measurements made in operating» 


canals coincides with the results obtained by the writer and his associates. 


4 


_12“Influence of Lateral Seepage Upon Rate-of-Flow Standards of Surface Irrigations,” by L. aie. 
ae —_— of Flood- Control Levees with Special Regard to Seepage,” by N. Szalay, ibid., March- 

a) “Project —? Agri. Research Service, U. S. ‘Dept. of Agriculture, Logan, Utah. 


us Mage 9 ge from Irrigation Canals,” by W. W. Rasmussen and C. W. Lauritzen, Journal, 
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as been their experience that, frequently, the difference between measure- ie 


mane made by the > ponding method in canals of widely different subgrade 
‘material. The closer agreement between measurements with | seepage rings in 
uniform material would seem to indicate that part of the variability is actual. 
Possibly 1 this should be anticipated even though the material appears to be ~ 
uniform. It is known, for example, that stratification of the material in a j 
a soil sample can greatly alter the permeability of the material as a whole. The . 
_ fact that some variability persists in the measurements made in seepage rings 4 : 
mn may ‘indicate that there is an inherent e error in the results due to installation 


4 and operation of the meters. The « consistent ov verregistration of the seepage 


4 rate, as indicated by the seepage rings, suggests the possibility of applying a a 


ctio ) seepage-meter measurements. ts. Correction factors, | based | 
on the relationship between seepage-meter measurements and ponding meas- 
urements, have been developed and used by Mr. Warnick"* in an attempt to. 
determine a better index of seepage losses. In a developing a correction factor 
~ based on a comparison ¥ with ponding tests one must, , of course, take into account. 
the difference in seepage loss between the bottom and the sides of the canal. — 
at first, such a procedure might appear to be a solution to the problem 
oq and under certain circumstances ‘might provide a reasonably accurate index of 
4 seepage losses. — However, when one considers the fact that the relationship 
_ between the comes from the bottom and sides of the canal may differ widely iq 
— among canals and from one season to the next, the value of such an approach 
_ must be re-examined. . Possibly a permeability measurement on disturbed | 
88 samples of bed material would provide an equally accurate index of losses. __ c 


ly 


=: * ‘Thea authors have pointed out that there are other factors in addition to 


soil type which influence : seepage losses ; among those mentioned is temper- | 


ature. Permeability measurements are commonly corrected for temperature — 


x in order to take into account the change in viscosity of water with temperature. — a 
‘ It has been the writer’ 's experience that corrections 1s applied to permeability } 


parently, some factor other than the change in viscosity of water ‘is meaning. a 


_ The authors seemed to have ruled out the possibility that the reduction nin, g 


j ‘porosity is due to an increase in the size of air bubbles. ~The fact that a cor- 
_ rection for viscosity seems to compensate more for temperature changes with © 


coarse-textured material than with fine-textured ‘material indicates that the 


_ discrepancy may be associated with the fine fraction. Possibly the reduction 
in permeability which sometimes accompanies an increase in the temperature 


during a n a measurement can be explained as resulting from a reduction in porosity — 


_ due to greater hydration of the clay minerals at higher temperatures. This 
4 theory, at least, might well be explored. If this should be the situation, the — 


increase in temperature and the corresponding decrease in viscosity of the 


_ water would tend to be compensated for by the reduced porosity of the profile _ . 
due to swelling of the constituent material. 


— 


_--: 46 “A Study of Canal Linings for Controlling Seepage Losses,” * by C. C, Warnick, Progress Report No. 3, 
Eng. Experiment Station, Univ. of Idaho, Moscow, Idaho. “BSE .g 


greater transmission of water, which would be expected to. accompany an 
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Ati The depth of water in 4 the canal and the distance to the ¢ ground- afiter 

table have long been known to be important factors contributing to seepage = 
—josses. Engineers have gener rally attributed the increased seepage rate which 
accompanies an increased depth of water in the canal to the difference in — 

permeability of the material constituting the upper side slopes, as compared — 
to the lower side “0 and bottom of the rans If only the bottom of a canal — 


of interest to note that a as , the seepage rate increases the effect of date depth wy 
on seepage increases. This might be explained by the steeper hydraulic _ 
gradient associated with coarse-textured material; which in effect, dispropor: 
tionately increases water transmission as the water depth is increased. Addi- 
_ tional information on this point would be valuable. Thefact thatthe influence 
of water-table depth was restricted to 1 ft for sand as compared toa greater = ae 


distance for fine-textured material supports this reas reasoning. part to b be 


measurement have not been snstated. _ The investigation has, however, done’ 
u ‘much to o clarify certain aspects of the problem and the authors are to be — 
- commended for their careful work and the contribution they have made. 


tions, yield rates that are correct only at a specific place at the time of the tests. 
Lo ae does not necessarily follow that the same r results should be obtained i int the 
a same area at a different time under different conditions, H For this reason, 


of the si seepage problem ‘especially dificult. an: edt. 
Mr. Hill has taken exception to the total seepage losses reported by the 
writers for the seventeen | western ‘states: because more water is delivered to 
3. This is probably true, 
r it should be pointed out that more water is frequently available for delivery — 
than is shown by the diversions from streams and reservoirs at the canal intake, , 
because many canals receive waste water from higher irrigated land and intercept _ on 
runoff from rainfall. This inflow cannot be accurately measured and, although — 
— itis probably less than the excess deliveries to farmers, it is a compensating ~ 
factor. Also, water records of the Turlock Irrigation District in California 
_ ae indicate a loss of water from diversion to irrigator of 27.2%. This record is 
i. for an irrigated area of 168,000 acres and is an average loss for the five-year 2 
hs "period from 1950 to 1954 . Whether the seepage losses for the seventeen ‘ west- k 
ern states quoted i in the paper are correct or not is probably not important to the 


_ paper r because they w were cited merely to sh how the magnitude of the seepage -_ : 


Agri] Agri. Research Service, Dept. of Colorado Agri. and Mech. College, 


Fort Collins, Colo, 
Senior (Retired) Agri. U. 8. Dept. of / Agriculture, F Fort Collins, Col Jo! 
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a he comments by Mr. Muckel, based on his extensive experience ron 7 
ground-water recharge by water spreading, show t ‘the difficulties en- 
countered by the writers in the study of seepage are not unique. — W ith wal 
< 


in the of effect of depth of water on the seepage rate. By 
a projecting the curves downward until they intersect the vertical axis, a head» q 
2% is determined which makes the seepage rate directly proportional to the depth, = 
as should be the case according to the Darcy law. _ Since the seepage rings were : 2 
used primarily for checking seepage meters, a single installation was used in 
each type of soil. However, many seepage-meter measurements were made 7 
each seepage ring. Observations of seepage were made at intervals during a 
d period of approximately two weeks for each setting of the seepage meter. At 
_ the end of the period, the seepage meter was installed at a new location inside 
the ring and the _ procedure repeated. As a result of this procedure, many 


replications of seepage-meter measurements in different soils were obtained 


_ where the seepage rate was accurately known, 
ingenious method of keeping the pressure inside the seepage meter equal» 
_ to the head on the canal bed is described by Mr. Warnick. By using the a . 
_ _— Mariotte siphon principle, the reservoir of water for the seepage meter can be © 4 
placed above the water surface in in the canal. This equipment permits the 
observer to see whether the seepage meter is functioning properly and tonote [> 
the rate at which water is seeping away through the cup of the meter. Mari- 
tee controls were tried by the writers on well permeameters but the equipment 
did not prove satisfactory because it was affected by temperature. Further- 
‘more, the surface tension at the bottom end of the air inlet tube affected the 
"Sensitivity of the device because the water level had to drop appreciably 
Sa ‘the air bubble could break loose from the tube. A simple float control w: 
: - found to be more sensitive and it was not affected by temperature. art 
It is difficult to understand why the plastic seepage bag is not capable of 
- tranamitting pressure at the same magnitude as that due to the water a 
rounding the bag, as indicated by Mr. Warnick. The writers had occasion to 
_ try different measuring devices on the meters at the same installations without ., 
finding any difference in the measured rate. The burette on the Weber Basin x 
, seepage meter is considered by many technicians to be too fragile for field use. 
_ The tests reported by Mr. Warnick, which extended over a period of three 
_ years, showed that the losses measured by the seepage meter were 57%, 67%, @ | 
and 69% of the losses measured by ponding. The writers found, however, 
4 that seepage meters installed in the seepage rings usually indicated a higher — 
a rather than a lower rate. _ This difference is probably due to the fact that all 
| the seepage from the 1 seepage rings had to. pass through the bottom, whereas. 
we in the experiments reported by Mr. Warnick a large portion of the seepage 
_ probably occurred through the side slopes of the canals where it is difficult ie & 


is 
waa i thee buffer ring, this condition was not investigated by the 
ee an writers. _ Mr. Muckel found that gases other than air were released in the soil 4 \ on. 
under certain conditions. When this occurs, the seepage rate is reduced. __ 
by 
| 
& 
| 
| in 
| 
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ine The development by Mr. Szalay i is interesting but several inconsistencies _ 


_ should be pointed out. The true infiltration velocity is »; = v /n, in which nm 
is the porosity and », is the bulk velocity. The interpretation by Mr. ‘Sealey 
_ is applicable only to the case of flow through a horizontal section on which the — 
_ gravitational { forces would be constant. For the case of a constant depth of 
ate on a horizontal soil surface the hydraulic head would be h + z, 80 that b= 
the Darcy Ve = K (h +. terms of infiltration 


A 
ava 


zdz 


Tere ' 4 
Integration of this results ibned yatbae 


In view of the foregoing analysis, it is difficult to understand how Mr. 


determined the relationship which he has tabulated 


of bed material i in determining seepage | losses i is s mentioned oy} Mr. ‘Lauritzen. . 
It is believed that this method would not be an indication of a true seepage 
rate from a canal, owing to the difference in seepage rates on the sides and 
bottom. — In many cases s the sides have a higher, ‘seepage rate due to stratifi- 


by rodents. The effect of these factors would be eliminated in disturbed soil 


= In order for the greater of clay at a higher temperature 


Bi _to be a factor in a reduction of permeability at these temperatures, the process — 
; would have to be reversible. Referring to Fig. 12, it is noted that there i isa 


comments of the discussers of the paper have emphasized the 
plexities of the seepage problem. ‘uncertainties still exist and because 
@ the importance of seepage the study of the problem should be continued. _ = 
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LATERAL BUCKLING OF ELASTICALLY END- + 


RESTRAINED D LBEAMS 


‘By WALTER J. AUSTIN, A. ASCE, SHAHEN YEGIAN, 


purpose of this paper is present the critical lateral loads and the 
corresponding critical bending stresses at midspan for prismatic I-beams havi ing 
4 equal, linear, rotational restraints at both ends. In actual structures such end 
restraint is commonly provided by the ‘connections. It is of importance to 
ps _ determine the increase of the lateral buckling load which results from 1 this | 


section tinve been considered by G. Winter! M. ASCE, and A.R. Flint 


| 


Considering an I-beam, the horizontal principal axis is denoted as z, , the 

ertical principal axis as the longitudinal a axis as z, the depth of “the beam 
as dz, and the distance between shear centers of the flanges as di, as shown in ] 
| ‘Fig. 1. Each flange at each end is assumed to be individually restrained 
against rotation about the vertical axis. te The  Totation o of each end as a whole — 2 

about the z-axis is elastically restrained and no rotation at the ends is allowed | 
about the z-axis. . The beam is loaded by vertical forces acting in the plane 


the web. loadings are considered—uniform | load and concentrated 
ae at midspan—each_ load acting at three positions: (a) On the top flange, 
at the centroid, and at the bottom flange. ~The ‘maximum stresses are 


ass umed to be less than the proportional limit of the material. it is also 
assumed that the externa oa 8 remain aralle to t eir _ origina irection 
8 d th hat th ] 1 d ‘parallel h 1 di 


when the points of ap plication of | these loads a are displaced... 


irs: _ Norz.—Published, essentially as printed here, in April, 1955, as Proceedings-Separate No. 673. Posi 
tion tions and titles given are those in effect when the paper was approved for publication in in Transactions. 


1 Research Associate Prof., Dept. of Civ. Eng., Univ. of Illinois, Urbana, Ill. | 
- ? Research Assistant, Dept. of Civ. Eng., Univ. of Illinois, Urbana, Tl. a 
‘peal ‘Strength of Slender Beams," by George Winter, Transactions, ASCE, Vol. 109, 1944, p. 1321. ae 
_ &“The Influence of Restraints on the Stability of Beams,’ *by A. R. Flint, Structural Engineer, Septem 


ber, 1951, P- 235. 
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The differential equations governing the lateral buckling of & symmetrical 


DB" + CB" +988 = Mew" 


‘ 


in which each prime symbol denotes one differentiation with respect. to Zz 


. > the angle of rotation of the cross section about its centroid (Fig. aa 
u = the displacement of the centroid i in the z-direction; 


= the bending moment about the z- axis; ; 


= Young’s modulus; ial 
= te moment of inertia of the cross section about the ‘t-axis 
= the uniform torsion constant or torsional rigidity; = Le 
Ds E I, d*\/4 = the torsional bending constant; 


4 
s= the distance from the centroid to the point of load application, 


: assumed equal to + d,/2, 0, or — d,/2 for for load at the top 1 flange, 4 


centroid, or bottom flange, respectively. t | 


e origin is considered to be at the left end of the beam. Due to sym-— 
“metry, only the left half of the beam will be considered. The stiffness against 2 
_ Totation about the z-axis of the end restraint is characterized by the equation — 


end 


‘taxis and M,. is the moment exerted on nm the left end of the beam by the 


restraint. ‘convenient to use a dimensionless to othe 
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stiffness, Ki, i in following way erottaupe oft 


‘The flexural moments in ‘the beam ty the folowing equations: 


For uniform load, on the entire span, 186 be 


5]: 


which Z is the beam 


- When lateral buckling occurs, the end restraints on each flange impose a ; 
yr lateral moment, M,, o on the end of each flange, as defined by the following ql 


; . in which the subscripts 1 and 2 denote the top and bottom flange, respectively, 
and K,/ 2i is, for each flange, the stiffness of the restraint t against rotation about — 
the 3 y-axis. . The total stiffness for the beam, therefore, is equal to —idAti is 
conve enient to use a dimensionless related to the stiffness, 


om ‘oe curvature of each flange in the horizontal plane may be found from 
the ordinary beam equations, assuming that each 


4 
7 


The moments, M,, may be eliminated from Eqs. 8 by the use of Eqs. i = 


The lateral displacements 8 of the top and bottom flanges may be expressed 
- in terms of the lateral displacement, u, of the centroidal axis and the rotation, — ; 


B, of the cross section the controidal axis. i M bas 


nm: 
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now b be expressed i in terme of u and by the use of Eqs. Eqs. 10b and 10c. 


=< 


As 


= aT, | 


| 
Serr 


5 | 
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atthe at the end be Hence, 
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The final condition at on the loadi 


midspan. 


just to the left of midspan, 


Eqs. and 2 were solved using a successive-approximations 


> 
mie Differentiating Eqg. 10a, one obtains the following: 
utheient condition for Eq. to be satisfied 
ri Eqs. 1: ess two boundary conditions at the end of the beam. 
t that lateral displacements and 
) boundary conditions result from symmetry, as follows: 
ng. For — 
— 
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= Iliac digital machine i in The of the 


s procedure and the coding of the digital computing machine are not ee ane 


Tables 1 and 2 are given the critical values | of a edie load 
= vD/C; 
Table 1 is for a uniform load over ie 4 entire length of the ‘beam and Table 2is — 
for a concentrated load at midspan. To determine the critical load, one © 
should multiply the coefficients in the tables by the appropriate value of 
E I, d,/L‘ for a uniform load, or E I, d,/L* for a concentrated | load at midspan. 3 
The critical loads are tabulated for three common positions of the loading, 
_ which are: (a) At the top flange, (6) at the centroid, and (c) at the bottom flange. © 
The ratio L/a is the significant ‘geometrical property of of the beam for the 
problem | of lateral buckling, somewhat like the slenderness ratio, L/r, for 
columns. Critical values of the load parameter are tabulated for values of the 
Tatio ‘L/a of 1; 2, 3, 4, 5, 67, 8, and 10; these erent cover the range of 


practical interest. 


3.— 
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“Restraint, oment— Restraint, 


End m 


_ Five values of end restraint about each axis, Ne , and Ns were “chosen to 

cover the complete 1 range from no end restraint, N = = 0, to a fixed condition - 

with: intermediate values “approximately equal Tine A 


: ine the tables and curves, it is often more siaveaians to use the concept 
of the ratio. of end ‘moment to center moment rather than the 

The values of N. were chosen in a similar manner. feb 
Critical stress is usually the quantity that is most useful i in design, . Figs. . 
_ 2 through 6 show the variation of a dimensionless critical-stress ere ay) 


4 with variation in L/a for all combinations of the values of Nz : , and Ny previ- a 


ously considered and for the three positions of loading. The symbol gin the 
critical-stress parameter, o I,/E I, d; d2, denotes the extreme fiber stress 
_ midspan corresponding to the critical load. This stress is s always the maximum 
stress for the case of a concentrated load at | midspan, but, as shown i in 1 Table * 
it is not the maximum str stress in the beam for the case of uniform loading when 
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am load at midspan. graph contains all the curves: that 
respond to a single value of the restraint, Ny. 
In each graph are presented the curves for five different values of the end 


“res raint, Nz, and three loading position -—a total of fifteen curves” ‘except 
where the Curves ar are sO close together that they cannot | be. drawn separately. 
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values of Ne one written side by side, separated by acomma. 

by As an example, there is considered a 12-in. I-beam attached to fixed supports 


by riveted clip-angle connections and uniform load, as shown 
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; ‘Fig. The properties of the as follows: 
sq in., I, = 9.5 in.‘, (the section modulus) = 36. 0 in’, d, = = 11.5 in. 
and L = 264 in. The value’ of the torsion constant, a, is 29.6 in. ‘Hence, 
The moment-rotation for this connection as give 3 
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©) CURVE y LOAD AGAINST RATIO OF END 


end moment. 


.” by J. C. Rathbun, Svencedinns, ASCE, Vol. 101, 1936, 
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the ‘moments in the beam are not to of 
s ‘uniform load. The flexural moments that result from any specified load may 

be found as explained by Mr. Rathbun. By making this computation for 

_ several assumed values of the load, one may "obtain the curve relating the load — 

to the moment ratio, M,./ M., which is shown as a dashed line in Fig. 7(c). 7 
_ This line is inclined downward to the right and is slightly curved; if the riveted - 
i connection were linearly elastic, this curve would be a straight 1 vertical line. _ 
Of course, if the end connections were linearly elastic, Fig. 7(c) would be un- ‘ 
- necessary because the critical stress could be read directly from Fig. 2. ~The” 

dashed curve in Fig. . 7(c) defines the flexural action of the beam on the as- 

‘sumption that the beam is ‘in neutral or stable equilibrium 
__ The clip-angle connection affords no — against rotation of the flanges 

about a vertical axis. - Therefore, N, . It is also assumed that the clip 

angles prevent rotation of the beam focac the centroidal axis at both ends. - 
The curve load to the moment M./M., may now 


Table curve is shown as a solid line in The 

moment ‘ratio, M./M.,, is used instead of the parameter, the relationship | 

_ between the two is given in Table 3 for the tabulated values of Nz 
_ The intersection of the buckling-load curve and the basic bending-relation - 


curve > defines the 1 y-"Pierwe of the critical uniform load and also the moment 


w=1 1180 Ib per ft, and M./M, = =-0. ).29. Por 
coe Because M, — — M. = w L*/8 = 857 | in.-kips, it is s true that M, =— 193. 


|  in.-kips, and M, = 664 in.-kips. ~The maximum critical stress, in pounds per 


00 


M. _ 664,0 18,4 er With working 
_ If the beam were assumed to be simply supported at the ends, Sew athe 
~ Joad and critical stress would be as follows: Critical load equals 930 lb per ft, | 
critical stress equals 18,800 lb per sq in. 
Thus, the restraint afforded by the clip angles raises the critical load by | 
o for this particular case. On the other hand, the critical stress is slightly _ 


as the restraint the horizontal : Nz, changes. The critical load 

- always increases as N, increases, but the critical stress may either increase 
e: or decrease. _ The latter trend is illustrated i in the curves 3 for critical stress at 
7 midspan due to a concentrated load acting on the top flange, shown in Figs. 
4 = applying these solutions to actual problems there is seldom any difficulty 
. in determining the proper value of Nz, or its equivalent, M, /Me . However, 
often the value of be by making all 
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‘THE HIGHWAY SPIRAL FOR ‘COMBINING 


By Messrs. THoomas F . Hickerson, C. C. 


The spiral connecting a tangent and a circular are is rigorously 


bi defined mathematically. When two adjacent circular arcs must be connected a 
“a by a spiral, , mathematical exactness is replaced by the approximations of the 
theory of the osculating circle. le. ‘The theory is satisfactory for flat ; spirals but - 
has distinct. failings for sharper spirals. 


_& In this paper rigorous equations for the Michiinese ‘spiral connecting circular 
_ arcs of different radii are derived, and the extent o! of the approximations in involved , 
vr in the theory of the osculating circle are shown. Three graphs based on : these z 


equations permit rapid and accurate determination of the corrections to be ap- — 


é plied to values obtained from the theory. chy The engineer with a working know- 


., lege of the theory should find that the determination and application of these 
corrections are straightforward and simple. = 


The derivations themselves are cumbersome and extensive. ie They ar are given 7 
in outline form but in sufficient detail to permit checking. qa 


. The spiral | connecting two circular arcs is a part of the pa which would be 
used to connect the sharper arc to a tangent. a 


ae A ‘simple spiral (Fig. 1) is are APB connecting tangent HE with circulararc 


BG. The symbol P is any point on the spiral, and the circular arc is extended — : 
_.. Nors.—Published, essentially as printed here, in June, 1955, as Proceedings-Separate No. 703. Posi- 7 
tions and titles given are those in effect when the paper or discussion was approved for publication i in Trane- 
1 Associate Prof. of Civ. Eng. .. The City College of New York, New York, N. Y? 
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ard to C where it is parallel to HE. Notations conform with the designa- 
ss tions of Joseph Barnett,? M. ASCE, which will be used, for the most part, 

In Fig. 2(a) spiral is is arc APB connecting cir- 
a cular arcs GA and BH, and P is, again, any point on the spiral. The sharper 
Py arc, GA, with radius, OA, is extended forward to C on the common radial line © 

The flatter arc, BH, with radius, O’B, is extended backward to D. The 
shift, CD, is designated as p.. The central angles, designated 6 and a, do not 
conform with Mr. Barnett’ 8 notation for reasons explained subsequently. - The- 
~ deflection angle, EAP, to any y point, mae on the spiral is s¢.. The angle between 
the to the spiral at P and main AE, isd 2(b)). 


‘ 
equivalent simple spiral; L,, the |] length ofa simple in feet; La, the he length 

a compound spiral, ‘in feet; Ai = = D, L,/200; A: : = L./200; =DL 
200; and @, = (Dz — D;) L,/200 = Az — Ai, the spiral angle. 
. a The theory of the osculating circle assumes that a spiral departs from an 
osculating circle i in the same manner that an equivalent simple spiral 
- from the tangent. For the simple spiral to be equivalent to the compound © 
spiral, the spiral angle, 6,, of the simple spiral must be equal to the nominal — 


‘spiral angle, 6., of the eompound spiral and L, must beequaltoL., 


= 
& 


—— - i in Fig. 2(b), which is an enlargement of a part of Fig. 2(a), the deflec- _ 
ida angle, da, to any point P, distant 1 (measured along the arc) from A, is the a 
difference between two angles, the deflection angle to the osculating circle, 4 Al 
_EAQ, and the angle, PAQ. The latter i is equal to ¢, the deflection angle of - : 


i equivalent simple spiral to a point distant the same length / from point A in 
“Transition Curves for Highways, Barnett, Public Roads Administration, U. S. Govt. 


shary r the degree of curve for an 
1 E i 
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a setup: at B this is equation would become 


as - The theory of the osculating ¢ circle further assumes that Pa (Fig. 2(a)) is equal — 
top p (Fig. 1) and that B and a are equal to A, , and Ay, respectiv ely. _ 1 
ee... 
The derivations all the assumptions the theory of the 
ing g circle are in error, the magnitude « of the errors varying with A; and A». | = For 
flat spirals the errors are negligible, but with increasing sharpness, the errors’ 

4 ‘become so large t that the theory cannot bet used without ut applying the the corrections | 

_ The derivation of B shows that i it is a always larger than A. by a quantity — 


‘is set up in A», rather then in terms, A; and As, because the 
_ these terms simplifies a subsequent equation and ‘it seems logical to a the 
a The correction, C,, may be determined by u using the graph of Fig. 3, which 
_ consists of curves of Cs versus Ga for various ' values of A: In n order to illust ral 
the) use of the graph the value of 8 will be determined for a 400-ft com 
Spiral connecting a 10° are W itha 20° arc. Theargumentsare | 


_ 20x 400 _ 


_ (20 — 10) 400 
value of C;, or the of the curve, 40°, point ¥ where 0, is 
20°, is 596” or 9" 56”. Then is 40° 09'56” and, because the complete central — 
The value of the shift, pa, is always less than p by a quantity which will be aaa 7 
had Ay and aie te | 
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of C, for a value of L, of = = 


tof 


(froin Phint A 
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values of A» m Using the spiral of the preceding example, the value of C, plots” Pee 
0.354, or, for 400 ft, = = 400/1, 000 x 0.354 = 0.142. standard 
piral tables the value of p for a value of 6, of 20° is 11. 584. Therefore, 
‘The: expression for the correction to be applied to intermediate 
angles is cumbersome in its general form (Eq. 16 to be presented subsequently). . 
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Value of in n degrees as % 
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e expression for 7 correction to the deflection angle t se sills end point of the 7 


= 0.01218 A; 0) 40. 0031 0. 23 6%, 10-7 0. 353 AY 


in which C, i is in seconds and As and 0, are in n degrees. Values of Ce may be 


obtained from Fig. 5 with more precision than is ordinarily required for any 
It should be noted that the deflection ‘angle to the simple spiral is is here 
to to O—that i o- = = (6/8) W L Stand- 
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spiral deflection angle tables list angles from the 


— a 


‘a in n which and @, are expressed i in n degrees and the two in seconds. 

, se negative terms are usually small and so is | ci ‘including these terms in 


C., two corrections which might be insignificant taken separately may have a an 


.. order to obtain the correction to | a a deflection aoe to an eee 


FOR 400-Fr Stra. 10 + 00 ro 14 + 00 D, = 10 anp 


in 20. Serup at at Sra. 10 10+ 00 on 10° Cus) 


Ce | Col. sie | 3 | Col. 10—Col. 9 
(8) | @) (10) 
| 26°36715" 
4 0°14’40” 


When ru running from the x ia to the flatter arc, 


and when runt running in direction, 
#44 to hated? be = Dil + o- Cc mi (5) 


Computation of deflection angles a the wil: used i in the preceding illustra- 


tive examples is shown in Table 1. Instrument setup i is assumed at the flatter _ 


end of the spiral, Sta. 10 + 00, and the deflection angles are je computed to the 


i. The deflection angles to the osculating circle are listed in Col. 2 and equal = 
i D, 1/200. _ For the deflection angles of an equivalent simple spiral (Col. 3), 
(@./3) (i/L)* so that the value of ¢ (for Sta. 10 + 40) is 20/3 (0.1)? = 0.067° — 
Cols. 4 to 8 contain values” for the “abbreviated” is, 


—< 
‘ti 
7 
ie 
T 
— 
point to the sighted point only. Values of and 4; must be wd 
4 abbreviated spiral and are then used as to determine 
| 
| 
| 3°16" | 17°) 7° | 280ft | 238°) 98°] 42") 17°16" 
i: | 16° | 6° | 240ft |19.2°| 72°] 21”| 14°24" 
0°36" | 13° | 3° | 120ft | 7.8%) 1. °16°00" 

es 
a 
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*HIGHWAY SPIRAL 


[ running from. the setup’ point to the sighted point only. ° Thus, for the deflec- 
tion angle to the midpoint of the spiral (Sta. 12 + 00), the abbreviated spiral 


ong; 


runs from the ~ arc to a 15° arc and is 200 ft | 


‘and Le 


then D, = = 15°, D= 
= 200 ft. From these values, A, and 6, are determined as 15° and 5°, | 


—Compounn | Run From SHARP Enp (DEFLECTION | ANGLES 


¥ o 


49) 
wy 


FOR 400-Fr Sprrat, Sta. 14 + 00 ro 10 + 00, wir D; = 10° anv D; = se 


rs Serur at Sta. 14+ 00 on 20° Curve) 


VALUES 


#iso of “imiqg 
Osculating i 

ta. | circle Ca | Co 


| 6. 


whee 


(9) 


27°44’ 


diary 


awa 


respectively. ‘Using these values as arguments, Fig. 5 gives C, 


ono ont 

od 
ai 


Col 9+Col. 10 


83928745" 


a". Values 


ae C. are listed in Col. 9, and the correct deflection angle is listed i in Col. 11. ») %% 
" wie _ Deflection angles for the same spiral run in from the sharp end (Sta. 14 


are identical. 


+ 000) are computed in Table 2% tt should be noted that Cols. 3, 5, 6, and - 


“ate t 


A The corrections (Col. 9) applied to the deflection angles of the first half an 7 
the the spiral (the half nearer the pom of setup) are e negligible. They are listed _ 


TABLE 3.—Simpe SprraL ANGLES For A 200-Fr 


SPIRAL, Sr 


00 + 00 A TANGENT AND A 30° Curve. Setup. ar 


Osculati 


83400) 309007 10°00 


| Col. 2—Col. 3 
(oy 


herein to illustrate the 2 fact that the best ‘method of laying ¢ out a ut a spiral n may be to j — 
_ work from both ends toward the middle. » Such a procedure would eliminate — 
the need for computing C, -values and would also eliminate the long sights v which 
are taken last i in the field layout and are, therefore, most liable to error. shai vs 
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4 40° | 20.0° | 225” 
| 10° | 400 ft . 
40°00" | | 20° | 10° | 400 fe | 36° | 16.2° | 157” 
36 88 | 320 ft | 32° | 12.8° | 104” | | 
ly 1 4°16’ | 20 ° 24°44’ TH 
ll $0 3°16’ | 20° | 7° | 280 ft uf 21°36" 21°36’36” 
4 +60) 24°00 | 2°24 | 5° | 200ft | 20° | 5.0°| 19”) 18°20 256/08" — 
122007 | 0°36" | 30° 844.48" 35600" 
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| aor | 200 | or ee” | 205007 — 
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Asa check on the precision of the corrections, the audio, of the end a 7 


paint of a 200-ft spiral running from a 40° curve to a 20° curve were computed 

_ by the following methods: (a) Theoretical equations for X and Y; (b) traverse 
along the radii, using the values of 8 and p, obtained from Eqs. i and 2; and 
(c) traverse alane the chords of a 10-point spiral. theoretical coordinates 

are X = 159.398 and Y = 105.088. The coordinates computed by the other 

methods did not differ more than 0.001 from these values. 
The one correction that applies to a simple spiral i is C., and it applies only 

_ when the setup is at some point on the spiral other than the TS, the point of 
“tangent to spiral. ” For a setup at the SC, the e point of “spiral to curve,” Dy 
is equal to the Risin of the circular curve, D, , is equal to the degree of the 


osculating circle at the sighted point, and L, is equal to the difference in sta-_ 4 
tioning of the ends of the line of sight. — Similarly, for a setup between TS and 


7 SC, the spiral between setup y and sighted point is treated as a compound spiral. 
aa Computations of the deflection angles to the fifth points of a simple spiral 


are shown i Table 3. ft to a 30° curve; the transit 


setup i is assumed at Sta. 31 ma 00, the 8C; ; 8 rong the columns are identical with _ 


The of curvature of the highway spiral varies with length 


_ ofcurve. In Fig. 2(a) the degree of the spiral varies from D, at point A to D; 


¢ at point B. ‘The The degree of curvature at at any point, P, distant / from point Ais q a 


Referring to Fig. 6, which shows an part of Fig. 2(a), the radius 
ay point, P, is R, which i is equal to 1/D, if lengths are expressed in OD 


at 
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- Substituting for Dy its value from Eq. 6 6 


tang. = Ar K 40. K+ K 


= ALK — $0, K? + — — 9g 
cee It should be noted that the first term on the right i is the deflection angle to the ey 
 osculating circle and that the second term isd. Thus, these two terms are the "3 


deflection angle by the osculating- circle theory, | and the remaining terms com- 


K* (As — 0 0K) + )+ 395% K++ 
atte 


«Eq. 5is the s same as 


Be obtain equations De the closed AEBO’O, in in Fig. Tis 
solved “by traverse.” The direction of OA is assumed. to be north, and the 


wees sums of the latitudes and departures of the polygon sides are equated to zero. 


Lat. =0=R-Y-R (2 As — 0.) + (Ri — Re — px) cos 

Dep. = Ri sin (2 A: — + (Ri Ry — Da) sin 


Letting equal K and substituting 0, for (D2 — D:)L. 
Substituting for sine and copme tune Tespecuve series tXpansions 0 and 
| 
a 
14) 
— 
q 
q 
& q. 10 except ior units and the fact that A has Deen taken 7 OA ga en 
5, 
& 
& 


R, cos (2 A: — 6.) — 
All terms of this fraction may be expressed in in terms of A; and Q. 1 Then + ina : 


bas tang =A:+74 "2 + 35 39 


In Eq. 23, Avi is the nominal central angle and remaining terms 6 comprise 


correction, Cs, which i is added to A; to obtain 8 and subtracted from A; toobtaina. = 
With 8 known either Eq. 19 or Eq. 20 may be used to solve for 


at (Ry R:) sing — (2 Az — 8.) 
Agia, expressing a gall terms of the fraction in terms of As and 6., and dividing, 
om 
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HIGHWAY SPIRAL at 
“Calling the bracketed term sddceahl ignoring all terms within the bracket : eneed 
‘the first term because they are — for any practical highway spiral, 


in which is the correction to be subtracted from P. 


e The derivations replace the theory of the osculating circle with mathemati- 
eal exactness which permits the precise layout of a highway spiral between the 
_ branches of a compound curve regardless of sharpness. The procedure is, in 
effect, an extension of the osculating-circle theory. Figs. 3, 4, and 5 allow 
rapid and accurate determination of the corrections for any practical spiral, 
although, in cases where precise ties are desired, it would be preferable to com- 


Cy by use of Eq. 1 2d? whit wal 

- Computations. may be simplified and the precision of field layout increased 
if the spiral is laid out from both ends. Such a procedure eliminates the need | 
for computing the corrections to deflection angles to the intermediate points of 7 

Me) the spiral. It also eliminates the long sights to the far end of the e spiral, which | 
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Hicxerson,? M. ASCE.—The paper is, in effect, a continuation 
of a paper by the writer.‘ _ Reference i is made in the paper to the designations? : 
of Mr. Barnett. . Actually, Mr. Barnett’s book was | preceded by an earlier 
work’ which he has acknowledged.© 
‘tes — So far as is known, Mr. Barnett first presented general formulas for the ; 
long and short tangent distances to the spiraled compound curve, based on a 
- solution of oblique triangles. With his permission these were reproduced by B 
4 the writer® but were accompanied by an alternate (and preferable) new set of 
tangent formulas based on the traverse method. There was also given a 
_ formula for 8 (like the author’ 8 Eq. 8 for 4) based on simple ealovinn, which 
was nevertheless a new concept. ote ean? oi devo 
Mr. Hartman offers no new procedure except the introduction of the angle, 
_ B, instead of a fixed angle, A;, for the sharper curve. This method is a real 
- contribution to the solution of the problem of combining very sharp curves of 


different radii, migze of 
_ _Even with great precision in the deflection angles, slight errors in the curve 

_ layout may arise from the usual way of chaining and setting stakes. _ Actually 

- an error of 100” i in angle causes a deviation transversely of not more than 0. a 


al ft at a distance of 200 ft. _ The long and short tangents of the spiral being 


in ‘advance of of the curve layout by : measurements from the point of intersection. ; 
—_ In cases in which the | point of intersection is ‘inaccessible, point B might be © 
_ established by well-known procedures. As a rule it would be desirable to hold — =. 
‘= an independent 1 location of B, although the end of the last chord misses it a" . 
_ slightly. The ey eye » could not detect small deviations in n sharp « curvature, but a 
a of the point of (forward) tangency is significant. 
aera the author’s formula to a 200-ft spiral running from a 40° curve ~ 
: oa 20° curve gives theoretical coordinates which, it is stated, do not differ ' 
_ z from those by other methods by more than 0.001. A careful check shows this sy 
-_ * be precisely true. Curves of such extreme sharpness, even though not 
- encountered in actual practice, se serve as limiting values in Figs. 3, 4, and 5. a 
Letting r = A;/6., noting that K = 1 when! = L,, and converting radians 
into degrees = Eqs. 1 12 and 13, when extended, become 


Tree Prof. of Civ. Eng., Univ. of North Carolina, Chapel Hill, N.C. 


4 Separate No. 357, ASCE, November, 1953. 
Curves for by Barnett, ‘Public Roads Administration, U. 8. 
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‘to only 0.009 even when LZ, = 200, Dz = 40°, onthe = 20° . # For all other 
cases this item is rarely (if ever) appreciable. Jetiee oft go yaeth 


Three: computations: numerical applications that check the author’s 


= long ‘tangent = F (Fi ig. 2(a)) ); and 
= AF. Then for the 200-ft a connecting the 40° and ; 


= 


For another method independent of f Eq t 
Now ‘Ri = 286.479, R = 143.239, B=A:+ Cs = 40° + 9’ 54” = 40° 09’ 54”, 
Da =p= = 5.792 —0. 071 = 5.721. Substituting in Eqs. 33 and 34, 
= 105.091, X = 159. 309, ‘Then = 121.349 and 


These values of 7; and Ts are checks on computation a. auf 


bags . Replacing B with A: and Da with p by the conventional method and 
noting also that Dz (20°) + = = 33° 40’ 25” (in which C = 25”), 
_ Eqs. 33 - 34 give Y = 105.291 and X = 159.748, ‘from which T; = 121.58 _ 


_ The error in 7; and Tri is 0. satisfactory adjustment 
might be to establish point B (Fig. 2(a)) at the end of the 200-ft spiral | Al 
_ determined by the last deflection angle, ¢. (slightly erroneous), of 33° 40’ 25” br. oP 
_ causing a deviation of not more than 0.2 ft. Then with a transit set at this t ‘s ; 


location of B, turn off the angle, BAF = — $a, thus fixing the 
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‘ON HIGHWAY “SPIRAL 


Cc. Wine,” M. ASCE. —The writer feels that the paper has: ‘several, 


The principle of the circle is basic to the spiral and is 

_ It is not a “theory” based on any assumption 
but i is a geometrical p principle ‘universally applicable. Small discrepancies that 
‘May appear in the computations are the result of minute approximations in the 4 
derivations of certain formulas _whereas larger differences are a ae 


_ result of incorrect assumpti 


_ At any point on the spiral, the degree of curve of the anaes cree i isa 


constant whereas the degree of curve cf the spiral changes at a rate that is the | 
- same throughout the length of the spiral. Therefore, the geometric relation- 
_ ship between the spiral and each osculating circle is exactly the same. Ob- 
_ viously, general formulas expressing this relationship would involve factors 
Fs ‘The limit of the osculating | circle is the initial point (TS) at which the degree 
of curve becomes zero. There, the radius is infinite and the osculating circle a 
becomes a straight line which is the initial tangent. - With D = 0 the circular — 
4 factors ‘disappear, hence formulas expressing the e relationship c of the spiral to 
_ the initial tangent become simple and easy to derive. At any point other than 
_ the TS, the same formulas express the relationship betw een the spiral and the 
7 osculating circle at that point. mc, Therefore, all that is required to transpose the 
_ formulas from the initial tangent to any location is to add the proper factors . 
from the given osculating circle. Such adjustment is ev ident i in the formulas 
for the deflection angles. fet % = A = 
Itisa fact that a deflection angle for a ‘simple spiral is not exactly. one-third 


the change of direction and may beexpressed by = = | 


of C, show that correction is normally so small it.can can be 
_ omitted and that even if it should be of some apparent magnitude, the ultimate 4 
_ effect on the actual location of the spiral is insignificant. Consequently, in 
4 common on practice it is omitted. Mathematicians have habitually overemphae 
sized C, and have not attempted to reduce it to a practical form. = 
the expression can be reduced te to a simple form which can be computed i in aaa ] 
- setting on a slide rule, with an accuracy beyond any y practical requirement. _ 
_ The deflection angles for a compound spiral are merely the deflection angles 7 
% & a setup at a point on the ‘spiral. "a Consequently, the formulas should be 
_ applicable at any point and to any distance without being hampered by = a, 
limits of a specific problem. _ The principle of the osculating circle shows on 
_ the deflection angle at any point to any other is equal to the deflection angle of 
_ osculating circle for the required ‘distance plus (or minus, according to 
_ direction) the deflection angle of the simple spiral for the same distance. 
_ Because the circular deflection is mathematically ¢ exact the only theoretical 
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iis Early i in the ee century study was made of the two 
independent methods—one analogous to that in “the paper | and the other 


entirely different. The combined effect was to sliow that) 


me computation was to small to minute ap- 


proximations in the formulas for some of the component factors. These solu-— 
tions verified the correctness of C, and the principle of the osculating circle ce 
‘Tables 1 and 2 conflict with the foregoing in two ways. First, the final 
value of C, in both directions is 10 times (for example, 3.75’ rather than 0.38’ _ 
the value given by the formulas verified as indicated above and which have. a 
long been applied satisfactorily. Second, the intermediate corrections are not _ 
the same in both directions as they should be. The first difference possibly is — 
‘the result of a misplaced decimal | point. The second is more difficult to pla, 
but perhaps ‘somewhere a mistake was made in combining terms. 
It i is hardly appropriate to discuss the mode of operation, only 


“the opiral is the sole parameter dln fixes the spiral and it is constant for a 4 


given spiral. If it had t been used throughout i in conjunction with the distances, ) 


‘if the complicating term, K, had been omitted, » and if the extra work of reducing 7 
reser’ factors to angles had been discarded, the derivations would have been - 
7, simpler and the final formulas would have been both simpler and i fully applicable 
is to any poi nt and to any distance. For a particular problem, L. would then 
. have been merely a specific case of 1, and “abbreviated spirals” would not exist. © 
_ The derivation of C, apparently is in error because of a basic misapplication 7 
of the geometry of the problem with consequent incorrect procedures. 
Specific item that causes the difficulty is the false assumption that +B 
=A,+ A, . This equality is the conventional approximation commonly used 
in practice and is not a ‘geometric fact. The assumption that B = Ar and — 
“i = A; does not come from the “theory of the osculating circle” as stated by _— 
Me Hartman. | It is merely the use of the common assumption in practice bs 
that the spiral i is bisected by its offset, which i is not mathematically exact. 
The problem is to determine the effect of a spiral ona ‘proposed layc out, not 7 
the effect of an assumed layout on a spiral. _ The spiral is a fixed item. The ' 
proper position of the spiral (Fig. 2(a)) is with its offset, CD, on the line of 
compounding a as ; designated by the general -eurve plan. The position of CD 
the spiral is fixed by are C’B = 3 which position of 


i At the other end o of the spiral, AC’ is is the length of the compound spiral from y 
the line of compounding and is equal to } L. — C;, in which C; is the “tangent 7 a 
. correction” of the simple spiral which now, under the principle of the osculating ~ 
circle, is to. be measured on the D,-circle. Reducing C; to a central angle of — ™ 
D, gives an angular correction, Ce. to be added to the central angle of D, and 
‘subtracted from Ai. ‘This is the only correction involved. Therefore, 


and the preceding paragraph give the complete and correct solution of the 
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Inasmuch as C, is merely a by-product of the incorrect derivation 1 of it 
does not exist. _ The offset p is purely a function of the spiral. It is used in 
_ computing the tangent distances of the entire spiraled curve between the — 


primary tangents; hence, any distortion would affect the accuracy of the entire 


the paper, the example of a 400-ft. spiral connecting a. 10° circle with 
20° circle gives a value of C, as approximately 10’. © Reducing this to arcs of 
Dy and Dz, the distances are 1.66 ft and 0.83 ft. The effects are that A is mov ved 
forward 1.66 ft to 198.34 ft from C’, whereas B is moved forward only 0.83 ft 
a to maintain the correct length of spiral. _ The result is that the spiral as a whole 
is moved forward, and the offset is located 0.83 ft from the established line of — 
- compounding. The direct solution of C; from its own formula gives 0.82 ft. 
‘Thos, the correct position of A is 199.18 from C’ which puts the offset on the — 
ee of compounding and leaves B at the proper distance of 200.00 from C, 
_ The tangent correction, C,, reduced to terms of D, is 4.7’, or somewhat lees 7 
half of C, as given. The correction found from Fig. 4,C,= — 0.14, 
<i simply does not exist because the geometry of the spiral requires p to be 11. 58. 
7s _ The suggestions concerning running half of a compound spiral from each 
end are not good. a Point A is 8 located from Dy and B, from Dz. I Therefore, r. 
each is ; subject to the field errors of the : surveys leading u up to it. if half the 
_ spiral is run from each, the combined field errors, or the total field error for po 
- the whole layout, would be concentrated at the middle of the spiral where it Be 
= and undesirable to adjust the errors because of the changing curva: 
‘ture. The spiral should be run entirely from one end which will concentrate 


the e errors at a junction with a ‘circle, and the errors can easily be run out on  * 


Asa whole, this situation is largely ‘ ‘a tempest teapot.” In the vast 
re of cases the “errors” are 80 small as to be negligible. 4 Even when 
— they are of some apparent magnitude, | ‘the ‘over-all effects are “peculiarly: in- 
significant. Small longitudinal changes | have ‘no effect on the I lateral | placement 
E and appear only i in the field errors of closure. Small errors in deflection angle ‘ 
iy are corrected for direction in the orientation at the new setup, hence their — 
greatest possible fault is to cause a very > small lateral displacement of the 
circular curve which would be lost in the normal field errors of the whole survey. 
a Toa a would-be user, , the obviously cumbersome and complicated formals 
oof the p paper are discouraging. An engineer with experience in laying out 
7 _ spirals would | doubtless discard them because t they a are not in workable form. = 
oe y They have been carried to n more terms than are reasonable and left without 


clarification as to practical use. y bring, 
HL Brownrretp,® A.M. ASCE —The writer found the ] paper very 

a interesting. The purpose of this discussion is to offer additional data for ‘the: 


- computer who wishes to lay out a true spiral and not to examine the present- 


day vu use of ‘spirals ort their desirable properties. 


* Superv. Structural Engr.,{State_Div."of Architecture,’Sacramento, Calif. 
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ON HIGHWAY SPIRAL 
This problem of connecting circular curves has been by ©. L. 
Crandall, * and D. E. Hughes.” The writer" also gave a reasonably exact 
4 traverse of the Euler spiral that can be used for checking the author’s method po 
when R; becomes ; unusually short (for D; = 20° and based o on a 100-ft arc, 
ditty Mr. Crandall has developed® a general expression for using ‘the 
= rectangular system of coordinates, and he presented several tables for obtaining 
correct deflection angles at specific points: along the spiral. Mr. ‘Hughes 
derived a rigorous solution for the particular case in which one is given Ri, 
and pa in which > 0 and Ri > Ro. ‘Hughes derived d 6, from a 
series based on the ratio of R; to R:. Because the use of this series is tedious, 
he developed a correction table based on Ri Li = R2L2 =k (a constant) for 
each particular spiral and tl the trial arc length (omitting the fractional terms of 
6; after the first as given in Eq. 36). it should be noted that the intrinsic - 
equation of the Euler spiral is L, = 2 6, and this then applies to any part 
of a simple spiral which includes the origin. | 
Ty F While working on on the alinement for rails on the San F rancisco-Oakland : 
; "Bay Bridge in 1937 (San Francisco, Calif.), the writer found only one type of 3 
spiral problem that did not lend itself to a reasonably exact solution— the one 
indicated by Mr. For ‘this: a accurate solution was de- 


in 


an are length of La. Letting = 6 Po th en 


29 1,391 n‘ 


trode 
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18, 


y:. the problem noted by Mr. Hartman, and (c) the table developed by Mr. Hughes 
: was available. _ This ty pe of solution is pertinent to the author’s paper because — 

‘it is not clear how he would solve this particular protien, the ‘problem i in which 
one is given R,, Ro, and pa only. 


If an arc length L, is taken as 400 ft (Table 1), the curve can be r rigorously : 
=. computed by the method suggested by the writer? in conjunction with any © 
i one of several published tables of spiral functions. . The deflection angles can © 
then be computed using the author’s methods or by traversing the spiral. it a 
should be noted that there is a change in subscript for the radii of Mr. Hart- — 
“man’s paper from that used in the discussion by the writer." acl - 


“ad Transition Curve by Offsets and by by C. L. Cranda’ 
-Ine., New York, N. Y., 1899, p. 7. all: 
Sickle; or, The Ideal Railway and Curve,” by D. E. Hu 

in the Engineering Societies’ Library, 29 W. 39th St., New York, N. Y.,1941. 


4 Discussion by Allen H. Brownfield of “‘Mathematical Examination of the ailene Tr 
, Spiral, ”-by John Oran Eichler and Howard W. Eves, Transactions, ASCE, Vol. 111, 1946, p. bread 


» P. 988, Eqs. (56a, 56c, 58, 59a, 596, and 60. = = 
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| BROWNFIELD ON HIGHWAY ‘SPIRAL 

“ad To illustrate the problem, one is given p. = 11.444 ft, ~— = oon 958 it, 

and R, = 286.479 ft and one is asked to find the length of a Euler spiral arc 
required to join curves. Incidentally, the given value of pz is the minimum — 

fj for the particular curve and radii. Also, this example does not fit the usual . 

tables because it involves short radii and large angles. = 


oil Using: Kq. 35, Be 958 and re 36, = 0. 


4.—-Sprnat TRAVER: ROBLEM FROM TABLE poe haven 


correction | (657.496 ft) | (323.597 ft) 
657.495 ft | 323.598 ft 


39.969 ft 
39.972 ft ae 68.46 


9.2° 


mon “613. 982 ft 


90.748 ft 

980 ft 48.067° | 


534.349 ft 
36.467° 


570 ft 
180.037 ft 


120.506 


802,198 ft 99.740 ft = 
“30,9001 | 468.014 ft 78.986 ft 

nt 

432.215 ft 


305.154 ft | 46. 
t t 


in which L, — L; = 397.547 ft. This i is an approximate length and i is always 
_ short because Eq. 36 was derived for a spiral starting at the origin. For the 
more usual problem this first computed value of Z, will be sufficiently accurate: 


a, =2 = -2R.6 


9. = 6, = 59.632 


| 

‘The total angle i is + 6. = 79.509° ow this can be corrected by 

trial and error, by Mr. Hughes’ or the author’ s Fig. 4, using 6, = 19.9° 

* A, = 39.75°. Then C, = 0.355 X 0.397547 = = 0.141 ft. Thus, the — to 
= 11.444 af 0. vie = 11,585 ft. If this value i is substituted 
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BROWNFIBLD ON HIGHWAY SPIRAL 
= i The traversing of the cae in Table 4 is quite simple and accurat Qe 
2. writer’s method, as will be demonstrated. The computer should be equipped 
; with a calculating machine, a slide rule, the tables of squares of Peter Barlow? — 
. and the 7-place trigonometrical functions (to 0.001°) as compiled by J. Peters.4 
He should also be aware that, for a column of numbers such as k 62, the ere 
differences are constant for equal intervals of 6, enabling him to set up the — 
traverse (values of 6 and @ e) by addition. 
row oft aldeT to 4 Re sin = (43) 


in which C, is the chord length for a shart piece of arc. 


In Table 4, LZ. = 40 ft and the correction to La i is — La (@./24) = 0/ 


das al 


6» is the total spiral angle at the 1 mid-are point. Ato 
_ The sines and cosines were used directly from the tables and will not be | 
included i in the traverse. ol yout Yo 
Now for the particular spiral, tio ither 
od Ry = 572.958 ft = 286,479 ft 


fl “Tables of Squares, Cybey Square Roots, Cube Roots and | Reciprocals of all of all Integer Numbers | up- 
to 10,000,”" by Peter Barlow, L. “3. Comrie, London, 1930. 

«M4 “Seven-place Values of Trigonometric Functions for Every Thousandth of a Degr 
Peters, D. Van Nostrand Co., Inc., New York, N. Y.,1942, 
.. 18 Discussion by Allen H. Brownfield of “Mathematical Examination of the Highway ho a 
> Soni, ” by John Oran Eichler and Howard W. Eves, Transactions, ASCE, Vel. 11 111, 1946, p. 989, E 
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‘HARTMAN (ON HIGHWAY SPIRAL 
This value checks. Table - 4. Eq. 45 will give nearly correct values for a. ‘ep to = 
Le = 200 ft for this particular spiral. od ax ,hodiow 3 
na be: toad In Table 4 the starting values, X; and Y;, at Sta. 10 + 00 could have been 
any values. "y The. closure, Sta. 14 + 00, is very good i in this « case, being 0.001’ 4 
both Xe: Ys. Ifa few engineers find the writer’s data useful, he will 


4 


feel inetified in in assembling the them. ipo iol fib 
Harman, 16 M. ASCE —The able discussion of Mr. Brownfield is a 4 
pene 8 addition to the paper. The writer is particularly indebted to him for a 


- the completely independent traverse | check of the spiral of Table ne the work 
involved is extensive. 


It is apparent that the complicated derivations of the paper h have to 


_ obscure the e simplicity of the proposed method of spiral layout. This method i 
a differs from that of the theory of the osculating circle only in the application of — 
three corrections to elements of the compound spiral as computed according to 
the theory. The corrections are: (1) obtained from Fig. 3, which is added 
to A; and subtracted from Ai; (2) C,, obtained from Fig. “ which is subtracted 
5 from the offset, p, of the equivalent spiral to obtain p.; and (3) Ca, obtained — 
Fig. 6 add inal deflection the far end of the 
_ when the setup is on the sharper circular arc and subtracted when the setup is 


1 a on the flatter circular arc. Each correction is obtained by entering its graph __ 
a No corrections need be applied to deflection angles to intermediate points 


a on the spiral provided not more than half the length of the spiral is set from one 
end. To lay the spiral out from each end it is necessary to establish one end 
- of the spiral from the other by tangent distance and offset or by deflection angle ae 
and long chord. Either set of values may be obtained by along the 
Mr. - Brownfield discusses the eihitton of the particular case when Ri, R:, - 
and p. Po are fixed. ith and Rs fixed, po is a function of L,. The most cf 
practical solution would be to assume various values of La and compute the 
corresponding» values of ps. A simple plot of versus Do would serve to 
determine L, with any desired precision.  Howev er, it would seem more re prac- 
ig iy tical to fix L, rather than p, and thus avoid using an odd } value of Le which 
would complicate computation and layout work. «= - 
a. Messrs. Hickerson and Wiley contend that the error in locating the end 
point of a compound spiral laid out by conventional methods will be small and 
may be > lumped with the field closure. _ They apparently overlooked the ae 
that the spiral s so laid out deviates from the correct spiral at a rate which varies” rem 
« approximately as the fifth power of the distance (measured along the arc) f, 
‘The effect of this deviation on curvature may be significant | as shown by 
‘comparing the correct spiral of Table 1 with a similar spiral laid out in accord- 
- ance with the theory of the osculating | circle. The deviations at the fifth, 
seventh, eighth, ninth, and tenth ‘points: are (in feet) 0. 01, 0. 02, 0. 
iv. rEg. The | City Colts of New ¥ York, New ork, aitol ob 
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ON HIGHWAY SPIRAL 


JIVID YO YTSIDO2 WVADIAIMA 
* 0.11, 0.22, and 0.40, respectively. The. difference i in successive deviations is a 
- direct mea measure of the difference in curvature of the two spirals. pia ea 
_ The curvature of the n nominal spiral i in this case is approximately 21.3° at 
the point where it joins the 20° circular curve. T This error would have been. 
still still larger if the twentieth pointe had been set. Such a a layout defeats the 
_ purpose of the spiral by introducing a sudden c change of curvature in what is 


Z Mr. Wiley ¢ criticizes the idea of layi ing out the spiral from m both ends because — 
‘ee field error would appear at the midpoint. - However, because one end of the 
spiral is located with respect to the other end, as already indicated, the field — 
_ error should be small. - _ The resulting curve would be a far better easement — 


curve than that run in 1 from one end d only, — deflection on from f 


spiral, which is essentially that of ‘the theory of the osculating circle. The 
‘difference lies in the computation and application of corrections, a procedure 
| which will not increase the time required for computation by more than ten _ 


_ minutes. 2 The extra time i is well spent because it gives ‘meaning to field closures f 
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GULNER ESA UNDER HIGH OVERFILLS if 
it h Ror ROBINSON Rowe,’ M. ASCE al Beds 
thes Progressiv rely higher standards for highway width, alinement, gradient, a 
_ and durability have been a challenge to designers of cross-drainage facilities. 
Relatively cheaper earthwork favors heavy earth fills with long culverts 
4 rather. than bridges. Extrapolation of practice used for low-fill culverts to > 
“ high-fill requirements would have indicated long barrels of great unit cost. — 
_ Adaptation of the overlying earth arch to relieve culverts of part of the load 


_ "promised a substantial reduction i in cost. . Experimental : at first, this practice 


experience disclosed occasional which can be obviated by more 


careful attention to detail. In the paper there are summarized the progressive — 


_ dev elopments in design and the findings of a field re’ Teview of performance, | 
ren suggestion fo for further development o of the he practice. pine 


: _ Early in the twentieth century, , few culverts viel more than timber bo 
‘a. below an earth or gravel road, the exceptions being masonry arches of ‘= 
‘stone or brick. | Rarely did spans exceed 12 ft or overfills, 5 5 ft; for a a 
‘stream or gulch, bridges were c 
practices prevailed, here designated as “Method A” for distinction 
_ with an improved ‘‘Method B” developed particularly for use with high fills. “3 
; -‘Highw ays have progressed sensationally with the passing of time - Modern — 

y (1956) standards of alinement and gradient aided by heavier and more efficient — 

earth-moving equipment have led to high embankments, many of them more 

ft and some approaching 200 Culvert lengths have increased 


even more, relativ ely, because of precautionary terracing ai the higher | - 


Then, too, culverts became more desirable than bridges for such 
because the alternating of fills in gulches with cuts through adjacent spurs : 


fast = —Published, essentially as printed here, in October, 1955, as Proceedings Paper 823. "halien 
and titles given are those in effect when the paper was approved for publication i in Transactions. — 


Prin. Bridge Engr., California Div. of Highways, Sacramento, Calif. 
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balanced earthwork ¢ ‘on a lower and more economical profile and facilitated 
construction operations. However, the culvert had to equal in permanence 
the use of bridge | and exceed it, ‘if possible, because of ert 
a) At first, it was eer to design by adaptation of low-fill ‘ype to higher 
Ag and higher limits simply by specifying greater strength for conduit walls 
1(a)). This practice limited pipe culverts to 40-ft fills, cast-in-place 
boxes or arches could be designed for greater depths. Multiple-cell culverts. 
4 (Fig. 1(b)) could be used if debris were light or r controllable he 4 Don eoqig a3 
When simple modification became expensive, other expedients were often 
cheaper. On a steep mountain samme: culvert could be run on a mild et 
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te) YIELDING BASE 


Loose 


1.—Cutvert Section Unper (SEcTIons 1 FOR ‘Pus oN Lerr, 


otaieg thereby greatly reducing maximum overfill and length of culvert. 


For crooked channels, a tunnel might be cut on a direct line through | solid — 


Because a tunnel lining i is , designed to meet the character the soils sur- 
~ Tounding it rather than the weight of soil above it, the principle was adaptable _ 
to culverts. For example, the ‘fill could be built first and then tunneled for 


“the | culvert, | or the fill could be built over arched falsework, leaving space for a 


future culvert. | In either case, the embankment would become an earth arch 
fe , of To avoid the expense of tunneling or falsework, an intermediate. adaptation — 


was developed to carry part of the load on an earth arch and _ on the culvert 
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structure. This could be done by , building the culvert to yield as the fill was 2. 

built over it, just as flexible culverts (Fig. 1(c)) were cambered by struts during 

construction and yielded when the struts were removed. Rigid culverts ¢) 

(Figs. 1(f)) w were built on foundation or roofed with ie 

yielding ove y is applicable to such a - 

me This paper is limited to rigid oulverta, reporting (a) the standard designs 4 

_ adopted by the California Division of Highways for reinforced concrete arches, — e 
4 pipes, and boxes s with the overfill limits applicable to each; (b) the observations — 
_of performance of typical installations; and (c) some continelcaia on reliability — 
design, mistakes r responsible for local overstress, and modifications of of design 


and construction to avoid such mistakes. 
a. — 


2.—ConsTRUCTION Repuce on Extrapos oF ARCH 
_ lll adopted, the standard reinforced concrete arch culvert (Fig. 2) has 
_ three-centered barrel, designed to minimize tension , and i is supported o on narrow 
footings. heavy loads, the foundation yields or compresses, the 


entire barrel subsides, and an earth arch over the crown. 


"transmits pressure under ‘the. invert. slab, it 1 moves to the 
‘wa Articulation i is provided by. building slab and footings continuous and the __ 


arch be barrel: in in (30-ft segments. Struts are left ‘to the barrel until the the 
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RIGID CULVERTS 
the —, first overfill, up up ‘to 25% of the span. (Fig. 2), 
a loosely compacted to provide an additional zone of yielding material. poze 
e a The same geometric shape is used for spans, d, of from 6 ft to 22 ft (areas 
_ from 27 sq ft to 363 sq ft).: Minimum overfill nominally equals the span, d, 
and maximum overfill is nominally 6 60 ft, but these limits can be exceeded by ae 
: adding a a relatively ‘small percentage of reinforcement. A twin-arched — 
under a deep fill is shown i in two stages ib 


CONSTRUCTION UNDER OM. BRIDGE 


(6) UPSTREAM ELEVATION UPON COMPLETION 


Fig. 3.—Dovusie 18-Fr Arce Cutvert Unver 70-Fr Finn 


Rigid pipe for highway. culverts is practically limited reinforced concrete 
pipe. During the period of rapid increase in height of overfill and length of SO 
culvert, commercial prefabricated pipe was, improving in quality and uni- 


formity.. Decentralization of centrifugal casting yards” made it economical 
_ to use larger sizes because of reduced cost of haul to the ‘site, Furthermore, 


i *, rapid i increase in cost of field labor generally favored 5 prefabrication. 


Bedding practice received early attention. Four distinct combinations of 
and backfill are influential in determining allowable o overfill: ‘ek a 


vith unyielding no, crown defection, no bottom 
Case I—Rigid culvert in trench and 
II—Rigid culvert under embankment “ital oid 
With yielding foundation—crown settlement, equal to bottom n settlement—_ 


jadd Case ‘IV—Rigid culvert under embankmen 


4 
— 
10 
wee 


Of these, « 
_ cases I and IV are intermediate. Details are beyond the scope of this paper, & 
@ except to ‘report the « ‘objective | of a a uniformly yielding bed, often obtained by — 
; subexcavation and imported borrow. This practice is easier to inspect and 
oF control than a meticulous shaping of the bed to cradle the pipe fully. _ bag 
a Reappraisal of pipe strength was the second step in designing for higher 
rerfills. Specifications for standard and extra-strength } pipe govern the wall 
thickness, test strength of concrete, and percentage of reinforcement i in such ~ 
way ‘that t resulting pipe strength exceeds ‘the test st strength. ‘Overfill 
a limits were computed for the dependable strength of each ‘commercial pipe. 
' ~ design beyond these new limits, experiments were begun in 1943 ith 
Method B backfill (Figs. 2(f) and 4), which is an application of the tunnel 
po oe to reduce the pressure ¢ on the top of the culvert. This reduction is _ 
_ obtained by specifying two degrees of compaction for the — 


VERTICAL 


VERTICAL CROSS ‘SECTION PARTICLE: STRESS DIAGRAMS 


compaction above the culvert for a height equal to the culvert span (or : 


_ diameter), d, and dense compaction for the remainder of the section. | ad palery 
a The mechanics of reduced pressure can be visualized i in several ways. 7 From 
the tunnel analogy, the loose backfill and a small (unstable) segment of earth 
(Fig. 4(a@)) become a part of a “tunnel,” and the compacted zone above its 
; -intrados subsides just as the rock crown of a tunnel deflects when the sup- ; 
, 4 porting rock is removed. When the dey pth, h, iss small, the earth structure is 
-s analogous to an arch, for which the zone of loose earth is the falsework which 
=a In i Fig. 4, “consistent units for measuring depths, weights, | areas, length of 
section, and value of shear are understood. . The subsidence of the compacted a 
overfill, being greater than that of the compacted sidefill, develops vertical 
shear along the boundary. . Along -haunch plane, AB, shear resistance a 
_ should be adequate to support W, the weight of half the overfill, plus a live 
load, P. Hence, there must be a minimum depth, h, or the earth arch will 
fail i in n shear. The generalized shear-distribution curve (Fig. 4(0)) 
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maximum sventicel exceed twice average. This is 

based qualitatively on the Mohr circles for points A, M, and B (Fig. 4(c)) 

which show that shear must be zero at J A and B there i is no 

After successful experience with this method, it became a standard ale 
ternative. Table 1, which has been abstracted from design tables, shows the 

limitation of the conventional Method A in comparison with Method B, and 
‘Fig. 5(a) is a guide to economy in its use. It should be understood that — 

_ Method B is not a cheap expedient as it interferes with continuous operations 
in constructing large embankments with heavy machinery ; Method with 
-extra-strength pipe is usually selected up to the limit for | commercial pipe. 
Method B is used for overfills exceeding 60 ft for small pipe and 33 ft for large ; 

u up to the limits shown. Monolithic pipe han pawn Sor for higher fi fills. 


watt oo BU 1. —Maximum OVERFILL FoR CommercraL 
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METHOD 


| 


Standard pipe | 


“Special’’ commercial pipe is “standard” or ‘‘thick wall” with extra steel for specified D-load strength. 
“the D-load is the three-edge test load per lineal foot of pipe divided by the inside diameter, D, at the 

of 8 0. Ol-in. crack. Stronger pipe under ordinary backfill. 


concrete box has. always been a pc popular design for ¢ culverts 
> = its | use lagged behind arches and pipe in | adaptation t to high overfills. 
‘ = ‘ Up to a practical limit, walls and slabs were made heavier. Next, , working — 


_ stresses were raised on the theory that dead loads do not need as large a safety = 
factor as live loads. Finally, from the tunnel analogy, particular attention 
= given to bedding, ar and Method B backfill was specified as an alternative. . 
- Box culverts ranging in size from 4 ft by 2 ft to 12 ft by 12 ft have been 
standatdised with several strengths designed for each size, providing for — be 


structural section an overfill limit for each of 4 combinations of bedding and 
backfill, one of which is equivalent to Method B backfill for rigid pipes. “The 
upper limits of design with and without Method B are shown in Fig. 5(6). z m 
the & ft by 8- ft box with an area of 64 ft a as an example, the strongest 
section would only support 22 ft of overfill (E), but the limit 
to 32 ft using Method B backfill or r by building the box i ina 
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(F). to 58 ft is by combining these two dovinws 
— @), but arch culverts would be used (H) for fills exceeding 58 ft. If natural — 

- ground is not satisfactory for ordmary entrenchment, an imperfect trench can 
be dug i in a partly completed and well-compacted embankment. = = = = 
dp Tn all extension | of practice to high « overfills, with either flexible or rigid — Be 

culverts, it is important that there be uniform foundation under the bedding — , 


LA Standard pipe | i F E Box on subgrade 
B Special strength sic F Box in trench or with B overfill 
G Box in trench and B overfill 


Example, an 
~ft box 


if 


Bie. 5.—Urrer Overrm, Larrea, Desten or REINFORCED Concrete | (Cunverts ay 
to avoid large differential settlement : when the foundation is compressed by 
‘the heavy earth load. High fills require the use of long culverts, usually too 0 
- long for the culvert to follow a sinuous channel. — If the direct line and grade 


from channel in on side of the embankment resembled shown 


= 
g 
Embankment toe q 


n Fig, 6, uniform foundation can usually be obtained by (a) deflection | of 


line to one side ¢, the channel or (0b) depression of grade below the natural bed ul a 


In early lives all the installations made on an basis were 


periodically inspected. With few exceptions, the ohiervations were favorable, 
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were essentially limited to o those for maintenance. Large culverts. 
classified as bridges were an exception; these were inspected regularly for 
structural deficiencies or distress. 


ec in August, 1954, prompted by collateral interest of others, a joint review 


“fornia. The results were so informative that the review was s extended into 
‘southern California in November, » 1954. ' Dozens of culverts were included. — 
im of the localities involved were in the coastal counties, extending from | 7 
Mendocino in the north to San Diego in the south, in which the > very first’ : 
experiment was made with Method Bi in 19682)" borriatnrs 
111-ft overfill to a 120-in.. pipe an 83-ft overfill. The largest séction 


"Th Method A backfill 
+4 bons Method B backfill | 


Height of overfill, infeet 


Standard method A 


¢ 


ei ja od 4 Diameter of pipe, in inches frist ab 10 hilog 
was a double 18-ft a fill. The longest was 1,400 ft of 60-in. 
reinforced concrete pipe under a 65-ft fill, of which the central 1,045 ft had 
been installed by Method B. In Fig. 7, below Curve I and above Curve II . 3 - 
the limitations in the method of constructing overfill are obvious. — Between 
the curves there may be a choice between Method B and Method A with 
The review procedure w: was varied with the findings of a preliminary super-_ 
ficial examination. If there were signs of distress, measurements were made 
of visible evidence, | ‘such as cracking and joint separation. — Where found, con 
. position of the T marking the top of elliptically reinforced pipe was recorded. ) ay 
_ Photographs were taken of a few typical land of all extreme conditions. On the 
other hand, if there were n no ‘obvious signs of distress, the record was a quali- 
tative appraisal of the average condition. sation 
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pipe; the e most was fc found i und in a box section. using Method were 
4 generally in excellent condition, independent of depth of overfill, but pipes ic 
‘installed under ordinary backfills were distressed somewhat in proportion to — 
depth. In na few cases: a long culvert would be found in excellent condition 
except for o1 one or two signs of local distress ; these were difficult to explain — 
except us mistakes i in construction and supervisory Where distress 


4 
— most ‘common departure was the opened joint between: pipe 
sections. _ Openings were largest near ends of culverts; this was ascribed to | 
elongation | of the culvert by spreading of the fill (Fig. 8) as it subsided under — 
, load. As standard joints have little tensile strength, elongation was con- 
centrated rather than distributed through the pipe. Spreading of high fills 


_ being the Tule rather than the exception because of a its fal open of lateral 


built 


- alle in a particular location, openings can be prevented by (a) secure anchorage . 
of headwalls, (b) joint design to carry tension, (c) location of the culvert in of 
% solid material, or (d) deferring of joint seals until the embankment i is completed. 7 n 7 
The latter remedy is preferred and it is believed that it should be standard = 
a _ Related to the » spread of an embankment is the lengthwise creep of a 
embankment on a steep gradient (Fig. 9). . Such : an explanation seemed 1 most 
logical for a longitudinal crack which appeared in the uphill side of two ie 
4 ‘ments of an otherwise flawless culvert. Obviously, if the principal stress is 
- deflected from the vertical by: creep of the fill , maximum tension will not occur 
_ at the crown of the pipe but on the uphill side where tensile resistance is less 
a » elliptically reinforced pipe. Although the single occurrence may not 
¢ justify anxiety, this trouble could be remedied if inner and outer cages of 
cireular reinforcement were specified for such pipes. soaabiv: 


of the crown of | pipe, , occasionally accompanied by corresponding 
cracks sons, the invert. Cracking to some degree in a these locations is 


the whole, the performance of all ty of rigid culverts justified the 
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manifold of hair it can to real distress and ultimate fillers 
if it admits corrosive air or water to the e embedded steel. — Hence, one remedy 
is to seal the cracks, particularly those on the invert, with a flexible adhesive — 
rack filler or invert . Prestressed Pipe, of course, would probably 


haa’ Perhaps all locations under high overfill should be sciaiitided difficult with 
the hazard generally proportional to the height, but there are other factors 
which increase the of distress for even moderate heights. Two, 


7 
REINFORCED CONCRETE PIPE, PPE, (b) REINFORCED CONCRETE PIPE, 
IN 48 IN. 340 FT (LONG GOIN. IN. DIAMETER, 276 FT LONG 


lig Fic. 10.- DIFFICULTY WITH AND Wirsout MetHop B BacKFILL 


f particular, are plasticity of fill material and presence of ground water—the 


latter probably contributing to the ne former. 
iol ground water saturates the zone of loose backfill, it will transmit full | 
pressure from the overlying zone of compacted material, invalidating the earth — 
arch and tunnel analogy. _ Two cases were e observed w where ground water was was 
~ entering the y pipe (Fig. 10) about 100 ft from the upper r end: there was no un- i 
_ usual distress in the dry section, but cracks up to 0.09 in. appeared in the 
crown of the wet pipe. Distress was greater in Fig. 10(b) with 41 ft 
of overfill placed by Method A than in 1 Fig. 10(a) with 77 ft of overfill placed ~ 
by Method B. i Probably the saturated fill had become plastic, i increasing the : 
load on the pipe by | unusual subsidence « and a higher her unit weight. . Actually — 
this possibility had been foreseen and underdrains were provided, but those 
_ had become clogged with sediment. The remedy may lie in perforation of — 
_ the upper half of the culvert as a “safety valve” in case of failure of underdrains. 7 
a The severest trouble found in the investigations ; occurred in a 6-ft by 6-ft | 
box culvert under a 63-ft overfill ; this culvert had to be repewed. | Measured © 
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4 __ In the best pipes, the cracking should be distributed in fine hair lines, but a 
“7 _ any departure from homogeneity in concrete or bond concentrates the elonga-_ a ee 
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CULVERTS = 


ee indicated further distress near the outfall ai the fill was die 


= 
from 18 ft to 35 ft. _ One 30-ft section between joints was deformed on both i 
"walls, and both slabs were deformed with shear offsets up to5in. The trouble 
j s diagnosed as “hard foundation. ” This section had subsided much less 
than the adjoining sections. Method B backfill had been specified, | but itis snot 
@ substitute for uniform bedding. The good condition of the box under the 
higher part of the overfill justified the basic design. 
It was concluded f from observation of performance that Method B backfill 
is correct in principle and practical i in application to rigid culverts under high 
a overfills but that inspection must be unusually alert because of the tremendous ~ : 4 
loads which may be shifted back to the structure by careless construction. a 
on design it is important to foresee e possible conflict between the principle of q 
| Method B backfill and the construction of large earth embankments and to abe ‘ 
= the relative economy of a heavier structure installed by classical 


The foregoing ere of design and performance of rigid culverts under 
a ~ high overfills refers to practice of the California Division of Highways, but 


_ opinions: and conclusions are those of the writer and not necessarily those of - 


_ Aiding in the review were M. G. Spangler, 'M. ASCE, John G. Hendrickson, — 


Al M. ASCE, and C. *. W. W. Abbott, A A.M. ASCE. As bridge engineer, special a 
studies, the writer serves under George McCoy, M. ASCE, state > highway 


and under immediate direction F. W. Panhorst, M. 
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GROUND WATER 


RoBerT O. THoMAas,’ A. M. ASCE 


= 1TH Discussion BY Harotp E. THomas, FRANK B. CLENDENEN, 


recommended for the full beneficial use of available water 
through the coordinated use of surface-water and ground-water storage capac- 
ity. Ne The problems of such coordinated | operation are examined, , and an illus- 
trative operational example of the benefits attributable to the planned utiliza- 


tion of of underground storage is presented. rigid, 
Legal principles applicable to rights in, control, and use of California: ; 


waters are based almost entirely the foundations established by 
court decisions. There was no mention of water rights in the 1849 constitution = 
‘nor in legislation directly relating thereto prior to the codes adopted i in 1872. a 


At the first legislative session held in 1850, however, it was enacted that 7 


facts 
x esti! 


common law of England, as developed by the courts of that country, would _— ‘tapy 
e- the rule by which the California courts would be guided in their — a rega 
a - decisions in situations not otherwise provided for. Pursuant to that directive, — ferr 


init 


the California courts, in the earliest cases, applied the English doctrine of — 


absolute ownership of underlying ground water on the part of the owner of 
the overlying land. This was later overruled and another doctrine substituted : 
in Ww hich various modifications of the “absolute ownership” theory were 4 
- announced, many of the modified decisions being based on strained interpreta- 


tions and definitions of physical facts and occurrences. comwk 
Historically, the courts have always attempted to differentiate between 
_ waters flowing in subterranean streams through ‘‘known and definite channels” _ a 
and percolating waters. Those > waters flowing i in. definite underground streams ¢ 
have been made su subject to the same laws regarding rights of use as streams” 


on In making this distinction the courts have been 


— (w ith minor r exceptions s such as unrecoverable soil moisture or waters in closed ‘< 
basins which are dissipated by excessive evapo-transpiration) constitutes a 

part of the general water supply and has a common ultimate disposal with = 


_ surface streams by outflow to the ocean or other large body of water, becoming 


_ Nors.—Published, essentially as printed here, in June, 1955, as Proceedings-Separate No. 706. Posi- 
tions and are thes in when the or — was for in 
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contributes to the maintenance of the oh wen 
ie 1903 the California Supreme Court first definitely abrogated the English © 
_ rule of absolute ownership i ina leading case.’ _ The principles suauctahen therein ' 


“doctrine o of correlative rights” and are comparable i in many respects to the 
pain doctrine as applied to surface waters. The principle that all owners — 
of overlying lands are entitled to the reasonable use of the waters occurring 
4 under the lands was as established, with the further corollary that no owner was © 
entitled, solely by virtue of the right of ownership, to injure other owners by — 
Ba unreasonable ‘diversions for the purpose of “‘sale or carriage to distant lands.” 
Many y subsequent decisions amplified and extended this theory. - In one? it was 7 
~ declared that, where the common supply was insufficient to provide for the = 
_ needs of all users, those who had acquired prescriptive rights by use for a 5-yr - 
pe per riod would, ander the theory of “mutual prescription,” be required to share 
; equitably the burden of reducing the demand to the hydrologically determined — 
i safe yield. This decision was influenced by a stipulation, by all but one of the © 
involved, which included a phy. sical solution providing the necessary 
water supply to meet the needs of the water users, sit 
_ Although the use of ground water in California has been one of the major , 
inctore:sonteibuting to the development of the state and the gross pumpage is 
_ estimated to be in excess of 10,000,000 acre-ft per yr (roughly 40% of the gross ~ 
_ pumpage in the United States), there has been neither constitutional nor 
legislative control of the development of this basic resource except in minor — 
instances such as control of unreasonable 1 manner of use or wastage from wells — 
tapping artesian supplies, — Consequently, all disputes | or differences of ool 
regarding right and equities, based on the ‘use of gr ound water, have been re- 
ferred to the courts for decision—an expensive and time-consuming process def- 7 
7 initely not contributing to the development of firm policies governing ground- © 
_ water development. _ The principal beneficial result of such legal action is that it 7 
_is possible to effect through the courts a determination of rights among all users _ mn 
_ of a common n basin. — However, such a procedure is usually initiated long after 
it is needed. _ It must be begun by one or more of the us users and results i in a 
oy ‘decision which may be delayed until long after severe damage has been suffered — 
by the basin. Such decisions relate only to the respective rights of each user 
and provide no method for instituting | hydrologically feasible plans” concerned — 
with possible alteration of the regime o of use within the basin, ‘Also, , they do 
not necessarily provide for the most economic and beneficial use of imported | 


a+ There have been, however, two developments in California wate law which — 
appear to presage an awakening of the public consciousness to the desirability — 
of establishing @ program of maximum utilization for beneficial use of all the 
waters of the state—both surface and underground. first was the passage, 
in 1928, of a constitutional amendment recognizing riparian rights but limiting — 


them to reasonable use u under reasonable methods of fuse. 1 ~The amendment — 


City of P Pasadena vs City of Alb Alhambra et et al, Cal. 2d = sink 
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the courts to apply the reasonable-use doctrine to to overlying 
users of a _ ground-water basin. id bo net od » 
_ The second development was the recognition by the courts ; that the storage 


of water underground for later withdrawal by the entity storing such waters 


was a beneficial operational use of such storage capacity. - This principle was 
brought forth in a case* in which the points decided included the dant wate 
of the status of water by Los Angeles (Calif.) from distant water- 


for or other purposes, so that the water 
found | its way into an underground lake forming a part of the Los Angeles — 
River. _ In due course it reached the diversion works by which the city takes 
Py 4 water into its distribution s sy stem. The court declared that the. city, in spread- — ; 
water in the San Fernando Valley with the expectation that the water w ould — 


_ in due time be recaptured, did not abandon the water ‘hor was the e water | free to 4 


be taken by 0 others, and that the city retained title to and could 1 recapture the ‘ 


_ Historically, progress in science has occurred far in advance of the ace 


plumes and application of the phy sical theories involved in the determination 
of legal rights. The law, by its very nature, is conservative and rests to a 
large extent on precedents which were established, in many instances, long — a 
before. the developments of scientific progress. Recently, the courts have a 
_ shown an increasing awareness of the implication of physical and economic i 
ia on the former implacable harshness of the legal n nature of 


rights. Ina a previously cited* case, it was stated: aby to. tos 


Although the law at one time was otherwise, it is now clear that an over- . 


c' ooo - lying owner or any other person having a legal right to surface or ground ~ 


i water | may take only such amount as he reasonably needs for beneficial a ; 


“Public interest requires that there be the | greatest number of beneficial uses 
ine 149 whieh oe can yield,’ a don lo 


looking concepts for the conservation of the water resources of semiarid areas, 
legislation—which can be shown to be “necessary for the greatest possible 
f development of the available resources in order that the ‘ corentant good for the — 


a greatest number” may be accomplished—can be adopted as a valid exercise 
of the potice power and should be upheld by the courts. _ The surface, oon 


4 City of Los Angeles vs City of Glendale, 23 Cal. 2d 68. 
“a Gin 8S. Chow vs City of Gente 217 Cal. 673. 
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ity « of sites, and th the time is rapidly approaching when 
-_ control and use of the vast underground storage capacity will be required i 
order to provide the supplies for full development. 


present (1955), utilization of underground storage capacity is principally 


with varying degrees of success.° _ In the usual case, the development is begun 7 
by the earliest pumpers, whose use of this resource is interfered with (in the Pp 7 
course of time) by those who later tap thesupply. Because the annual accretion — 

to storage is limited to that which naturally percolates to the water table, sup- 

_ plemented by underflow into the basin from adjacent areas, ‘iti is evident that 

there is—considering the underground basin as a storage reservoir Teceiving 4 
variable annual accretions—a definite supply which can be withdrawn in uni- — 
form annual quantities without permanently exceeding the safe yield of the an 
bask; WwW ithdrawals in excess of that. amount, occasioned by the growing de- 

~ mand for water, will result in overdevelopment of the basin, evidenced by pro- 7 
gressive lowering of water levels over @ long period of time and concurrent in- 

‘ ability of the basin to return to a full reservoir status. during the periods of a 

- above-normal surface supplies. ‘When this occurs, legal action is necessary in — 

order to establish the rights, expressed as annual withdrawals, for all users then 
af 
: j foc water from the basin. Ina ‘comprehensive adjudication it is evident. 7 


that this procedure tends to inhibit all future use of the basin except by the — 
parties to the original contest st and those 1 who derive their rights | from su such wee 
general, such a procedure does not necessarily. include a plan for the 
"development and utilization of an imported supply. Under present (1955) 
& | it is difficult to make full use of the potential cyclic storage capacity and 7 
to increase the average annual quantity of water made available for future 
development In California, the ‘court reference procedure,” whereby such 
eases may be referred to the Division of Water Resources for determination of — 
the physical facts and recommendation for solution, is utilized by the courts : 
in many cases. The availability of supplemental or imported water supplies _ 
considered in the investigation: conducted by the division, and appropriate - 
recommendations are made in the repo report rendered to the court. It is evident, — 
however, that a feasible solution to the problem requires not only the deter-— 
_ mination of rights to water after an overdraft occurs but also legislation wherein — 
provision i is made for complete a administrative and technical control of the 
_ basin for all purposes. Current (1955) proposals for administrative deter- 
ag _ mination of rights to underground water, similar to the procedures which have 
been applied for many years to surface waters, would merely substitute an 
administrative agency for the courts, without change in the basic philosophy 7 
Although time and expense to the water users might be saved by such pro- 


cedures, no final solution to the over-all problem would be accomplished. ret 


a “Ground Water Recharge,” by Finley B. Laverty, Journal, A.W.W.A., Vol. 4, 1952, pp. 677-681 
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thn The maximum of the available ‘water resources and the 
‘sequent economic development of the state can be realized only if the available a 


in the same manner a and following the same general principles as in the foc sal % 
of large surface reservoirs filling cyclic supply functions. The: available capac- 
°4 ity in underground reservoirs in California has been estimated to be in the order 
of 175,000,000 acre-ft, of which an estimated 133,000,000 acre-ft exist in abe 
Central Valley. An intensive investigation of the storage capacity in the 
Sacramento Valley, a part of the Central Valley, has been made by the Geo- 
flowin! Survey, United States Department of the Interior (USGS), and it. 
has been determined that this valley contains approximately 34,000,000 acre-ft 
of s storage capacity in the range of from 20 ft to 200 ft below ground | surface. 
a | This capacity is, for all practicable purposes, largely unused at the present time 
(1955). The possibilities of large-scale | conservation works, making use | of the 
subsurface storage ‘capacity in an area of surplus water supply, are almost 
unlimited. _ In addition to the conservation of surplus surface waters, the use of 
underground storage for the possible salvage of otherwise unusable waste | waters 
from municipal and industrial developments is readily apparent. Such 
waters, of course, would have to be rendered suitable for admixture prior to 
being placed in storage in order that the quality of the underground waters 


wasted in outflow to ocean and in excessive evaporation by 

_ will require the lowering of the water table during periods of less-than-average _ 
supply to a much greater extent than would otherwise occur in order to provide : 
the storage c capacity | necessary for the maximum retention in the ensuing above- 

_ normal period. In such a program, the ground-water reservoir would be used P 

for cy clic storage and would be operated in conjunction with surface reservoirs 

to prov ide a firm supply for both the overlying lands within the natural s¢ service 


“ground water and th 


supply. 
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fer A definite in the of is the 
- of present rights to water from such basins, If an attempt is made to coordi- — 
nate the use of the storage capacity with the present pattern of withdrawals in | 
a ground-water basin, there will be inevitable conflict between the holder of 
- rights to pumpage and the operators of the basin for reservoir purposes. It. 
— is probable that no user will ever complain during pe per iods when the water table 
is held at high levels and he consequently receives the benefit of lowered costs _ 
of pumping; however, | when the basin is deliberately lowered in in order to firm 
supplies during dry periods, t the administrative agency responsible for such | 
- operation would be the target of innumerable lawsuits and injunctions by the 
- local water users. Mod It is therefore apparent that legislation which provi ides for = 
utilization of underground storage ‘capacity 1 must, of necessity, provide for 
~ appropriate adjustment with the owners of existing rights. Necessary water 
_ supplies w will then be provided to the overlying service area by the apt 
‘operating the basin. feasible method of evaluating the water ‘right in such 
instances would be to establish the historical annual cost to the pumper and to. 7 
_ subtract that cost from the proposed price at which a supply will be etn i 
for his lands; the difference can then be capitalized for an appropriate period— “a 
say, , 50 yr— the 1 resulting. amount can be termed the value of his right, for 
which he would receive compensation. Administrative difficulty, inherent i in 
-~ proposed methods of control, would result if the operating agency com- 's 
puted 1 the natural fluctuation “occurring in the absence of planned utilization 
and compensated individual users for excess costs of pumping during periods of a 
ar water table. i Such a sy stem would equitably require t tent the u user be 7 


It is evident from the foregoing that the nt legislation per mitting | 
ee full utilization of ground-water storage capacity should provide for an organiza-_ 
- with state-wide powers to control such usage. The usual type of public — , 

district organization, which in this case would deal only with individual ground- _ 
’ water basins or, at most, with entire stream basins, would not have the inherent — 
authority to provide for the large-scale transfer of water supplies from areas — 
_ of surplus to areas of deficiency. The limited organization, therefore, would - 
: not be able t to eccomplish the purposes for which the program was conceived and 


_. Enabling legislation designed to accomplish state-wide control of the 
ground-water storage capacity. ‘thould ‘provide for (a) the appointment 


conflict.» with, existing water rights; (c) the of the. supply 

through maximum use of underground storage; (d) the transportation of water _ 

_ supplies between stream basins; (e) the development and distribution of water 7 
to operating agencies for irrigation, municipal, and other uses; (f) the im- 
position of general taxation in order to share the burden of costly supplies, fp 

contributing to the general prosperity of the state, among those who ordinarily | 

secure their water supplies by other means; (g) the artificial recharge of under- 
- ground basins; (h) the treatment and conservation of waste waters; (t) the — 


_ coordinated operation of surface reservoirs which are an integral part o 7” the ” 
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GROUND WATER 


defray the capital investment of the operation, 
_ Although the powers enumerated are far-reaching, anything less. will nevi: 
_ tably fail to develop the available s supplies to the maximum extent t by n means» 


a of planned operation of cyclic storage and of on state- 


The ‘possibility of underground storage exists in ‘any geological formation 
in which interstices are present ; however, the particular storage capacity cited ? 
herein is that which exists in the broad alluvial valleys and coastal plains 
4 across which flow the major streams of California. Underground storage 
vil 4 reservoirs are usually much larger i in areal extent and linte greater total storage — 
capacity t than available surface Teservoir sites. N atural annual recharge, how- ic 
ever, is usually, much less in proportion to storage capacity y than is tie annual 4 
= to surface reservoirs. Ground-water reservoirs may, in years of 2 -. 
‘deficient surface supplies, be down to the greatest practicable extent 
whereas surface storage, because of lesser capacity, has a definite limited annual Le 
ability to yield a water supply for beneficial use. Ground-water reservoirs — 
serve frequently as regulators of stream flow, maintaining such flow over periods t 
of deficient precipitation. In the operation of underground storage the average 
pet eer discharge may exceed the annual recharge for much longer periods ‘hia 


is possible with surface reservoirs, if the long-time average annual ul recharge and 


the upper wurface of then reservoir; § a change of storage i is ot cage ag by a rise. a 
re or fall of the water table and is equal to the product of the cubical eotibedis’ 
of the material between the water table at the beginning and end of the period 


and the average specific yield of the material in which the change in storage | 
_ occurs. _ Artesian ground-water reservoirs are reservoirs in which the water is 


artesian area. In many artesian reservoirs, occasional changes will take ae ey 
in the eubieal capacity because of compression of the overlying impermeable * 
strata. This change in capacity is relatively minor and is in reality a change in. “3 
transmission capacity of the reservoir rather than in the storage capacity. 
- Storage i in such an aquifer becomes i impor tant only after the forebay has been 4 jy 
_ dewatered to the extent that the upper physical surface of the underground © A 
water becomes a free water table by receding from contact with the overlying — 
confining strata. Change in storage capacity may occur in a free ground- 


water reservoir due to consolidation of the fill material, but available data i 


on this aspect of loss of storage capacity do not provide a basis for its evaluation _ 


— 
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In order to alata a regulating function in the hydrologic cycle, a ground- 
ere reservoir must maintain a constant cycle of recharge and discharge. 7 
In the natural state, and over a period of time during which the aggregate 
supply approaches the jong-time mean, recharge and discharge are equal and — 
no net change in storage occurs. In this process, a regular regimen is developed — 
which is followed throughout a siesiall of wet and dry years. - During and fol- 

lowing a period of above-normal supply, the water table rises, natural discharge 


high water tables contribute to the disposal of 


are dewatered, subsurface outflow is decreased, and phreatophytes wither as j 

8 result of the lack of f adequate supply. This cycle of an alternately rising and — 
“falling: water table is | repeated interminably as time continues. Under active 4 

_ development, this regimen is affected by artificial extractions. In the early © 

_ period of such development, water is actually mined from storage. That is, an 

excessive quantity is removed from storage in order to lower rapidly the water sa hier 
table to such an extent that the average annual recharge will not again raise _ 7 
_ the water table to an elevation where undue waste occurs. This excess removal — 

_ of water in the early development period cannot be continued over a long-time __ 

period unless methods are found to increase the natural recharge to the extent a 
i ‘necessary to maintain such withdrawals, 


- bi The planned utilization of underground storage | must envision the ae } 


during this period will be wasted the. other hand, too great a lowering — 
rig will result in the inability to recharge fully the basin because of the inadequacy P a 

of the available supply. Such loss of storage | would occur in the zone closest to ee, 

where: recovery costs are least. A concurrent problem, 

of artificial recharge by the use of the surplus surface water available.’ Itis 
clear that the capacity of the ‘underground 1 reservoir to provide cyclic. storage 
for the long-time average ennual bari $ is solely dependent on the rate at which a 


recharge are being in many localities, include 
experiments in the use of chemical additives and mechanical aids to maintain © 
percolation rates* and in the use of recharge or injection wells. Significant 
contributions | to ground water are also made by percolation from surface 
: conduits, rivers, and streams, and deep percolation of water applied to lands . 
for the irrigation of crops. — _ Much interest has been aroused in the d 


ing of 


‘ ene “Spreading Water for Storage Underground,” by A. T. Mitchelson and Dean C. Muckel, Technical a 
Bulletin No. 578, U.S. Dept. of Agriculture, Washington, D.C.,1987. j= om 


«8 “Some Factors Involved in Ground Water Replenishment,” by R. 8. Bliss and C. E. Johnson, Trans- 
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ovidied below the root zone of overlying vegetation and below the limits ud ‘s 
capillary action in order to reduce the loss of storage due to excessive evapo- ce 


+ transpiration. — Other losses, principally those caused by water-loving vegeta- _ 
“ tion and subsurface outflow from the basin, will occur, but these are also eubject J 
to a measure of control. Subsurface outflow is usually dependent on the eleva- 4 


tion of the water table at a point some distance upstream or up-basin from the 
-~point of outflow, and such water may, in large measure, be salvaged for use ' 
as a part of the annual supply by a program of pumping from that part of the 
reservoir closest to the subsurface outlet. Much can be done in programming i 
the extractive operations so that the maximum beneficial effect can be gained = 
_ from the operation of the underground reservoir. The pattern of pumping | 
7 _ should be planned to take the greatest advantage of the usable storage capacity — 
and should be definitely related to the geologic structure of the basin, the areas . 


of natural and artificial recharge, the transmissibility of the basin materials, 


the areas of use, the necessity and amount of drainage necessary for salt 


balance, and the desirability of controlling the subsurface outflow and effluent 


The average annual firm supply which can be made available by operation — 
of the underground reservoir will, to a large extent, be limited by (a) the 
= of recharge, (b) the maximum economic cost of pumping, (c) the effect of a5 
the operation on - quality of the water supply, and (d) the sum of unavoid- 
able losses. The effect of the cost of pumping would be greatest in iodides 
and the maximum permissible cost would be limited to the 


a “of production sother: than those attributable to water ‘supply. In the case of 
and industrial the cost of pumping would have less i impor- 


similar | having decided bearing. on the practicability of 
fi — water from great depths. The extent of works constructed to ov 


J cause recharge ata rate i in excess of that necessary to assure a full su pply: reservoir 


_ of lower parts of the basin and uneconomic outflow. (26213 dors of 

a Special operating problems will be evidenced in some basins due to local 

geographic and geologic factors as, for example, the problem of saline waters 
many basins of California.? The prevention of sea-water intrusion is 

-_ continuing problem in coastal ground-water basins,” many of which have been 

q drawn down to such an extent hake sea ea water has penetrated into the aquifers 


"Water Quality Problems in California,” by ‘Harvey O. Banks and Jack H. 
Am. Geophysical Union, Vol. 34, 1952, pp. 58-66. W 
_-:1®“Sea, Water Intrusion into Ground Water Basins Bordering the California Coast and Inland Bays,” 
by Harvey O. Banks, George B. Gleason, and Raymond C. Richter, ~— ae 1, Water Pollution Investiga-_ 
tions, D Div. of Water State of Cali California, Calif, 
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intrusion by operation of a line of coastal injection wells have been 
il og ¢ the Division of Water Resources and the Los Angeles County Flood C os | 


District,” a research project covering the same general problem has 
completed | by the University of California,” at Berkeley. 


= 
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a Large p parts of the Central Valley of California were formerly overlain | by 
an arm of the ocean, and saline waters underlie the usable fresh waters. Ex-— 
cessive drawdown of the water table and heavy pumping rates have a tendency ~ 
to cause these saline waters to rise in local areas and mix with the high quality ; 
waters in the upper zones. Other problems arise through intrusion of ground q 
waters of inferior quality by lateral underflow when the free water table is 
lowered sufficiently to permit a differential head to occur. In pressure aquifers, 
problems arise as a result of downward infiltration of poor quality perched © 
waters through defective wells when the underlying head is reduced through ~ 7 
heavy pumping. I It would appear that in large-scale operations many of these 
P problems would not be confined to individual basins, and hence a multiplicity 
_ of ground-water basin districts concerned with the long-time cyclic management _ 
of the underground reservoirs: would be unable to coordinate operations 
to effect the best use of the available storage capacity. an titers 


¥ 


In order to emphasize the beneficial results of ‘poordinated operation 


surface and underground storage, an example of the utilization of a hypothetical © 

underground basin is presented. basin was operated in conjunction with 
surface storage over a 30-yr period, 1914-1915 to 1943- 1944, using the full 
flow of of the T Tuolumne ‘River, ‘tributary to the Central Valley « of f Cali- 
~ fornia, as the assumed supply. Three studies, utilizing differing ¢ criteria, were 


_ made in order to derive comparative results. Basic assumptions used in all 


_ Trrigation 960, 000 acre-ft, over a period of 7 months _ 
Municipal... ... 200, 000 acre-ft, of which 42% occurred 
during the winter and 58% during 


_ Dry period annual supply. 


| 
Maximum surface reservoir 1,200, 000 acre-ft 


oa Maximum usable underground capacity... 1,800,000 acre-ft 
‘Surface minimum storage. 50,000 acre-ft 


hae boamuc otal ai niead a month 


me che “Report or on Tests for the Creation of Fresh Water Barriers to Prevent Salinity Intrusion Pettthined 


in West Coastal Basin, Los Angeles rage i Finley B. Laverty, L. W. Jordan, and H. A. van baa 
 °. Angeles County Flood Control Dist Angeles, Calif., 1951. 


12 “Report on Sea Water Intrusion,” by Thomas R. Simpson, Jone A A. Harder, Leung- Leu, 
‘San. Eng. Research Lab., Univ. of California, Berkeley, Calif., April, 19 
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was assumed that ‘subsurface outflow from ‘ground- water unit w ould. 


In the first study (a) the surface reservoir was operated to supply the aati : q 
demand to the maximum extent possible and to furnish the water required for . 
-Techarge to the underground basin; (6) deficiencies in surface supplies were 


augmented by withdrawals from storage; (c) the surface storage 


yy the total time. The second study coingeieed 4 the simultaneous recharge to and 
. withdrawal from the oahativelle basin in practically all years of the —_ in 


results as long. as the annual withdrawal from t 
,_ storage was held within reasonable limits. It was found that utilizing ae 


Toss due to subsurface | outflow because of a somewhat lower r average sean 


‘Vo TABLE 1. —OPERATIONAL Srupes aha 


OPERATIONAL StuDy 


53 


Ite 

"Heginning of period, in 10? acre-ft | 

of period, in 10* acre-ft 2,375 fy 2,387 ny 

Annual yield, in 10? acre-ft..... 1,510 of 

Total spill, in 103 acre-ft 

Subsurface outflow, in 10* acre-ft.. 

_ Deficiency in one year, in 10* acre-ft.. 
‘In percentage of demand 

: Conservation, in percentage of total water available . 


= table. The third study, operating only the available surface 


eo was made ‘in order to determine the percentage of conservation of the 2 


re 


total available supply which v was obtained through the use of the underground 
storage capacity., was found that the puriace reservoir could supply 


“storage alone seh a practically all years, it would have varied greatly in quan- “ 
i tity and time of oceurrence and excessively large transmission capacity would — 
4 have been r necessary in order to make the water available to the area of import. 

. Also, operation of a ground-water reservoir in the area of import would have € 
been necessary in order to reregulate the varying annual supply. 
a. considering | export supplies in the operation of coordinated ground and surface 

é storage, it is unimportant from an engineering standpoint whether the Maely. 
.. is first used to charge a basin in the local area and later pumped and forwarded _ 
a to the area of use or whether the supply is first exported and there regulated by 
= storage. The economics of transmission will probably define the Lt 
_ most feasible solution. e The results of the three studies are set forth in Table 

_ Demands w were met in ral years, except 1934, in op perational studies 1 and 2 2, , and a 


in 
— 4 
| 
— _It was found that the method of operation had little effect on the long-time a Ba... 
Pp 
| 
bs 
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dene The important fact illustrated = Table 1 is the tremendous pita in 


_ conservation of the available supply which is creditable to the operation of ‘the 
| 

ground- water s storage capacity. ‘It will ‘also be noted ‘that, in ‘operational 

study 2, it was possible to meet total demands with a lesser Aalhalona even 

during the year. of exhaustion of supply during the dry period | from 1923- 1924 


Control and conservation of available water supplies through development — 
- surface storage are limited by the availability of suitable reservoir sites. 
] _ Future large-scale development of necessary water supplies for beneficial uses 


will, in many and utilization of the vast 


‘ments should exercise adequate geographic control, including both areas of © 
_ surplus and areas of deficiency: The inherent powers of such agencies sh should | 


ia provide for large-scale transfers of required water supplies. 
. aa Planned utilization of underground storage, involving the lowering of the 
| 


water table + by increased draft during dry periods and the subsequent recharge — 
and storage of surplus flows during wet periods, will ereate an array | of new 
operational, hydrologic, economic, and financial problems. aq 
‘It is indicated that a considerable increase in the conservation of water ; a 
supplies may be obtained through conjunctive operation of surface and under- » 2 
ground storage. This will permit an expansion of the general economic _ 
development, particularly i in the semiarid areas subject to extreme fluctuations | 7 
in the occurrence of available water supplies. fe 


Much of the subject matter contained herein has been expressed i in similar 


_ ways by many others to whom the writer is indebted for basic concepts. It is 
a particularly: desired to state that the opinions and conclusions expressed herein 7 
a solely those of the writer and do not represent the policies of the Division : 
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sitet states. Asa an example, the section entitled “Operation of Underground. 
_ Storage” is an inclusive and yet concise statement of the complexities involved — 
_ in operating California’s s ground-water reservoirs for maximum benefit to the 


greatest number yer of people. How ever, it is equally ap applicable to the broad, q 
¥ 


no California, it has cag applicability to ground- water problems. in many 


4 alluvium-filled, intermontane valleys of other western states. W ith only 


“great plains, the Atlantic and Gulf coastal plains, and parts. 
a the United States. Much of the information is basic to the operation of _ 
xe ground-water reservoirs, large or small, in consolidated or unconsolidated rocks. a j 
Under the heading, ‘Present Status of Development,” Mr. Thomas presents 
a picture of haphazard local queryecadvage the drilling of the first wells 
toi to interference by 1: 
applies to. many ground-water in other states. However, California, 
has gone further than have most states in the creation of ground-water problems — 
and j in the solution of some of them. This is to be expected in a state where — 
"the annual pumpage from wells is estimated to be 40% of the nation’s total. 
Because California has only 5% of the area of the United States and 8% of its : a 
population, it is obvious that the state is is far beyond the national average 2 
development | and use of ground water. . In assuming leadership in this field, 7 


- California has inevitably pioneered many aspects of ground-water developesent at 
as well as regulation of that development. Thus, in ‘respects i ‘it can 


of mutual prescription. aa: The doctrine o of ‘appropriation is also recognized in & 
California, as it is to a greater or lesser extent in all western states. It origi- 

nated in the customs of California miners of 1849 and was accepted by the oe 

California Court as, early as 1855 despite a all these doctrines, 


_bridled competition for ground water, with the aneirn that several basins have a 
been overdeveloped. Specific instances of this have been acclaimed as good | 
a economic measures by experts on the basis that because of them California’s— 

4 largest cities were able to grow large enough and wealthy enough to finance the 
importing of water from remote sources. ul 
The current (1955) haphazard patterns of ground-water development in n all 
- parts of the United States are similar in many respects to the early stages of 

_ development of many mineral resources. In 1849, in California, uncoordinated a 
individual efforts, conflicting claims, and general confusion were the rule, but as — 
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California has also served as an exp taining to ground water. Mr. Thomas 
application of legal doctrines per h lish doctrine of unlimited use, 
ions the state’s early adherence to the English doctrine of un in 
_mnentions the sta’ ive rights, the adherence of its 
The t of the doctrine of correlative rights, 
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gold mining became more difficult and expensive these sO gave way to > Tee 
consolidation of interests and technically supervised operations. The early — 
development of oil fields by intense competition among individual landowners - 
similarly been generally replaced by unitization and scientific extraction 
Ze Water is in significant: contrast to these mineral resources in at least one 
, however. Gold, _ oleum, and uranium are so rare that: most 
persons have long since given up hope of ever owning property that contains 
such resources in profitable amounts. Fresh water, however, is common on 
the land masses of the earth. The populous regions, in particular, are suffi-- 
oe well watered by precipitation to make men feel that they have a right 


enough for the r needs ¢ of or of 
7 that the broad expanse of land might otherwise support. Water rights, there- — + 
te fore, involving the adaptation | of the limited water supplies to the far more — 


abundant land resources, have always been of major concern in ‘western states. 
A s Mr. Thomas notes, they will become a real problem i in any are to papi 7 
maximum utilization of underground storage. ao ibe 
‘Part of the water-rights problem is the lack of clear definition as to what a 
right involves, or definitions thet are inadequate or unworkable in the light of 


the knowledge of hydrology. For example, many V well’ owners consider that 


their water right includes a right to a certain pressure head in flowing wells or _ 

y “to a specific static level in pumped wells, and this contention is supported by a 
court decisions in some states. However, by such interpretation it would be» e 
impossible to achieve full development of a ground-water reservoir for bene- 

ficial use, or a firm sustained yield in the case of varying inflow to a — a -_ 
water reservoir. On the other hand, a ‘significant lowering | of water level is 
likely to put a well owner to considerable expense in deepening his well or _ 
"enlarging it, or in purchasing new pumping equipment. Thus, society, by its 
increasing development of water supplies, may increase the cost of water to 
existing users and be put in conflict with the interests of those individuals. she ; 
_ Many water-rights difficulties arise because water rights are considered as i - 
personal property, and people commonly form a strong attachment for per- a 
sonal property. It might be e possible for most people to drop. this e emotional — 
attitude if they could delegate the responsibility for providing stieeured 
satisfactory supply of water at reasonable cost. This: has already occurred in > 
‘most metropolitan ¢ areas for industrial, commercial, and residential users alike. a a 
Water is one of the utilities, like electricity or gas, and is furnished by a unit © 
Assuming that water- rights: problems can be resolved to. permit | scientific 
operation of a ground-water reservoir, an important question then will be: 
How much water can be withdrawn perennially from the reservoir? By 
analogy w ith a surface reservoir, the administrator of a ground- water reserv oir 
would need basic data as to the capacity of the reservoir Chih could perhaps — 


broken down | into the “usable” storage of fresh water w ithin economic 
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and the effects of use upon quality of the supply. Such information is not 
— available to users of the great majority of the nation’s ground-water | a 
rescrvoirs. Thus, in most areas, a considerably enlarged basic-data program 
Ww be an essential preliminary to planned ground-water utilization. 
all difficulties in determining the “‘safe” yield of individual ground- 
oi Ric basins can be blamed on failure to make adequate studies. In some 
: : areas the necessary data have been collected for several years, and climatic 


fluctuations are such that one cannot be certain what the ‘“‘average” conditions 
_ are. As a case in point, Utah has detailed information for Cedar City Valley — 
° "tits 1935 bute eannot be sure how much of the recorded decline i in water levels q ; 


hails may ask what is likely to happen if development does go bey ond ‘the 
“safe’’ yield of a ground-water reservoir. Obviously, if pumping continues to 
; a exceed the average rate of recharge, the inevitable result is progressive deple- 
_ ae of storage until the | ground-water | reservoir is drained; at that time, of 
course, will be cut by: natural conditions to a rate not 


Fed 


pumpage in an area, there is an alternate of water 
supply available to those who are cut to ot oral water” 
supply. after it has. actually been deve eloped 
An important element in Mr. Thomas’ pote is ‘the augmentation the 
natural supplies, where necessary, to meet the demand. Thus, the natural 
inflow to ground-water reservoirs would be increased by artificial recharge, 
and the total water resources of deficiency areas would be increased by im- 
portation from areas of surplus. Many other states may not see any immediate 
re need for such measures because their ground-water reservoirs have not been _ 
_ developed beyond the capabilities of natural recharge, or they may not have 
vom the opportunity because they have no areas of water surplus from which water 
ean be transported economically to the areas of water deficiency. 
_ = Mr. Thomas points out that the usual type of public-district organization 
2g covering individual ground-water basins, or perhaps entire stream basins at the 
“ most, would not have the ; inherent authority necessary for long-distance trans- 
-: fer of water. How ever, organization of water users on this local pattern might 
‘ be a significant first step. Certainly if such units were large enough to employ 
“G specialists in water development and supply, some of the handicaps of hap- 
hazard development by individuals might be “overcome. After such units” 
iq develop the capability of rational and comprehensive development in accord-— 
ance with the resource potential, it might be possible for them to pool their 
le tgiathieg and transfer water in accordance with demand in the same : way that 
eare for local surpluses 


then: increasing pressure toward greater responsibility and authority on rae 


part, in regions of greatest controversy over the water resources. 


itr 
a 4 “Effect of Current Drought upon Water Supplies in Cedar City Valley, Utah,” by H. A. Waite and ~ 
E. Thomas, Transactions, Am. Geophysical Union, Vol. 36, 1955, pp. 805-812. 
48 “Water Rights in Areas of Ground-Water Mining,” by H. E. Thomas, Circular No. $47, Geologist a 
J. 8. Dept. of the Interior, Washington, D. C., 1955. 
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‘the author's” remarks appear to pertain to the situation and conditions i. 
California, they are just as relevant to many other areas of the United States 
and to other nations where underground storage potentialities exist. There — 
bas been “4 of 1955) - great a reluctance on the part of project — to 


‘San has been overdeveloped or the allocation of surface storage for non- 


conservation purposes has been unnecessarily reduced. It is believed that the _ 


lack of use of ‘ground-water storage in conjunction with surface storage is 
caused by the misconception that subsurface storage is not “tried and true,” 
bedi it is still too new, and that it is not reliable. This misconception should a 
be dispelled by considering a few pertinent facts. First, without any planned — - 
operation of the ground-water storage, more than half the irrigation water wa 
in California i is obtained from ‘ground- water storage. Second, ground- 
Valley and the Santa Clara Valley, all in California, have been successfully - a 
operated i in conjunction with surface storage. Third, planners for the future 
can certainly si see that one must either use the subsurface reservoirs to a large = 
extent or many areas will be left to stagnate because of an insufficient water 
‘Thomas makes a ple a (under the ‘Water-Control Agencies”) 
for enabling legislation Glin to accomplish state-wide (California) control | 


of the ground-water-storage capacity . One of the purposes of this regulated 

is to p rovide e for thew sf 

ion : “* the imposition of general taxation in order to share the burden of 
0s tly supplies, contributing to the general prosperity of the state, among _ 


those who ordinarily secure their water supplies by other means.” 


There is no developed water supply being used that does not contribute to the | : 

; general prosperity of the state. It is sounder economics to have the principal — , 
; — of a project pay the principal cost. The danger. of using ‘ “general ‘ea . 
As -_ prosperity” as justification for state-tax support for regional projects is obvious. s. a 

is further stated (under the “‘Water-Control Agencies’) that 


q 
fouling d 


ain * the water supply contributing to the development. of the modern 
ad community must not be subject to intersectional jealousies or political ex- i 


Because both of these feared ‘of sound water-supply planting 


already exist (1955) it appears wiser to acknowledge their existence and plan 
to control t them rather than to act on the basis that they do not exist. It is E ‘ 
easy to comprehend | the inherent appreciation that sectional groups have for — : 
their natural resources. The reluctance of lesser developed areas to help pay 
7 for the development « of their resources for the benefit of already highly « developed Ne 


‘regions is just as understandable. The legislator ‘must recognize that any 


Asst. Prof. of Civ. Eng. and Irrig., Univ. of Berkeley, Calif. 
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| CLENDENEN ON GROUND WATER 
issue as important to his constituents as their water supply, ‘present 


- future, demands his attention. Such important issues have historically been b 

¥ settled by the interested parties getting together to discuss the problem and J a 
to find a mutually | agreeable solution. It is true e that the water problem a 

et 7 becomes highly complex when the conduits are heailitite of miles in length q 


a and the ground-water basins underlie vast areas. It would seem that, when | 
there is need for utilization of a water “basin, the overlying owners 
- could be formed into a legal body and be dealt with as the owners by those — 
to exploit the storage capacity Mr. Thomas has suggested a reason-— 


_ _ The basic fact that the author has expounded—that enabling legislation to — 
allow the utilization of subsurface storage is required—is certainly recognized ; 
— such legislation is vital. It is hoped that this legislation . will indeed avoid - 
_ “dog in the manger’ attitudes on the part of the inhabitants of areas of surplus fe 
water which would prevent sound water-supply development. also hoped» 
that such legislation will not so quiet the critical individual that he will no rs 
longer feel his responsibility for local water-resources development. 
It is generally concluded that ground-w: -water recharge i is the key to economic 
conjuctive utilization of surface and subsurface reservoirs. ‘Under the head- 

ing, "Operation of Underground Storage,’ it is stated that alates 


“Tt is ‘that ‘capacity of to provide 


¥ CR storage for the long-time average annual supply is solely depend-— 


ent on the rate at which wach surface supplies may be placed in storage 


4 This important factor in water conservation—ground-v water recharge—has 
been ‘receiving much attention of late (1955). Using the author’s 
illustrative example of the Tuolumne River basin, | it is seen that an artificial — 
recharge capacity of 45,000 acre-ft per month enables conjunctive u use of sur-— 
face and subsurface reservoirs to develop 30% more water than can be de- 
veloped by the surface component of the storage singly. If one uses a very = va 
conservative infiltration rate of } ft per day, the 45,000 acre-ft can be placed oF 


subsurface storage in| one month by use of only 3,000 acres. This is a 


 -vation, yet it is doubtful if any spreading ponds would be required for this 

hypothetical operation because of the large quantity of secondary or indirect — 
- artificial recharge capacity existing in the area. More attention should be 
directed to the tremendous quantity of artificial recharge that is usually a : 
by- product of other functions i in an irr igated are, pe. 
Indirect artificial recharge of significant magnitude in the Tuolumne River 
area is composed of irrigation, deep percolation, canal seepage, and stream > 
seepage. _ For ‘this: area the applied irrigation | water that percolates below the a 
plant-root zone is at least 1 ft per yr. Assuming that the 960,000 acre-ft of 
_ irrigation water is for consumptive use and that the entire service area is capable ~ 4 
being served surface water in na‘ “we year, the seasonal deep percolation 
‘4 from. irrigation | is about 400, 000 acre-ft. As for canal seepage, the water that J . 
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has historically been ‘ lost” to. canal seepage in this re region is about 30%. of ic 
the gross diversion. if the total annual diversion for a wet year were e obtained 


for a longer period than that required for irrigation 3. The monthly seepage 4 
. rate of the Tuolumne River would be about 11,000 acre-ft if a percolation b 
rate of 3 ft per day and an effective wetted stream bed area of 30 miles by 200 e 

These three sources of indirect artificial recharge yield an a average monthly — 7 

of 100,000 acre-ft. The variation of monthly irrigation requirement 
would cause the peak-requirement months of the summer to have a larger 
recharge rate than the winter months. This rather r rough estimate se serves os 
satisfactory proof that, for areas such as the Tuolumne River basin, —— 

4 _ recharge capacity is available to obtain the high degree of conservation — 

cated by the illustrative example. The writer has made similar ‘operation 
_ studies on the American and Merced Rivers, which along with the reer a 
River are located in the Central Valley, and has obtained results similar -_ 

“those presented i in the illustrative example. eh W pens 
Whereas Mr. Thomas has clearly depicted in 
- conservation of the available supply which is creditable to the inclusion of 
ground-water-storage capacity in the scheme, attention should be drawn to 
_ the added emphasis this point requires in the light of the ever-increasing cost _ 
of surface storage and the rapid increase in water demand that is being experi- — 
enced now and which ery be aggravated with time. eniarisieh of | etn 
On RosBERT 17 A. M. ASCE.—The important contributions made 
_ by Messrs. Thomas and Clendenen are appreciated. It is regretted that more _ 
_ extensive discussion of the problems involved, with particular reference to areas 
other than California, was not forthcoming, 


ae The problem of determination of safe yield from an underground reservoir - 


a was discussed by Mr. Thomas. Evaluation of this aspect of ground- water 
‘Storage has heretofore been (in California) as the maximum rate 


long period of: years, “result i in the of certain 
desirable fixed conditions. This rate of extraction is determined by one or 
more of the following criteria : ved: teh bj ait 


Mean seasonal extraction of water from the water basin does 


- quality or by accumulation and concentration of f degradents or pollutants. — 
3. Ww ater levels” are not lowered sufficiently. to imperil the economy 
"ground-water users by excessive costs of pumping from the ground-water basin” 
or by the exclusion of users from the supply. 


4 Senior Hydr. Engr., Div. of Water Resources, State of California, Sacramento, ( Cali if. ae 
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have been extended to include imported water supplies as an item of replenish- 
ri _ for basins where the annual draft is greatly in excess of the natural, or bi 
a is native, replenishment. The next step will, of course, e, be the deliberate | utili- — 


zation of the ground-water storage capacity as an addition to the volume of © 
surface storage available in order to achieve maximum conservation of water 
‘supplies. Such a concept will result. in the accomplishment of conjunctive | 
of surface and ground-water erage. of bowueen'od sap 
The yield ¢ derived from a conjunctive operation is the total yield resulting — 
from the operation of both surface and underground storage capacity; the 
proportionate part derived from each source will vary annually and cyclically. wf ? 
The quantity of water pumped from the underground basin must, in order to 
utilize the basin eonjunctively, conform to criterion 1. ‘Criterion 2 must also 


It would desirable: to. denote the “yield from ¢ cotjusictive 
the use of a new term such as ‘ “average operating yield.” The annual ex- 
traction will vary from zero in a year of ample surface supply to a maximum — 
a in a year of grossly deficient surface supply. _ The quantity of average operating a 
_ yield can be determined from an operational study covering a complete cycle of — 
Water ‘supply, as in the case of a reservoir. The basin investigation 


necessary to determine the yield of a surface development. haste. 
_ The investigation of physical situations which are useful in ee 
operation will generally be conducted along three broad phases of inquiry. 
_ The first phase of investigation may be termed the geological phase, in which 
the conditions to be encountered on and under the surface are determined. 4 
The primary requisite is the location of underground storage space, which may . : 
: be found in those geological formations containing a sufficient number of voids” a 
4 to hold, transmit, and release water in the necessary quantities. After deter- 
4 mining that space for exists, the porosity, 


The second field of investigation of ‘possible subsurface storage areas” 
the hydrologic phase. This is concerned with the determination of the water _ 


supply available for the project; the Tegimen of its occurrence; the quality of ‘Z 4 
the native, imported, and subsurface waters available; the ‘operation of surface “4 


facilities for storing, transporting, and percolating surplus in subsurface storage; : : 


_ and innumerable additional factors bearing on the problems of routing the 
ar supplies between the place of origin and the Place of final disposal. — ‘ae 4 4 


_ The economic , phase is the third field of inquiry. This phase i is concerned 4 
with the determination of places and quantities of use. it involves the classi- 
fication of land areas as to suitability for irrigated agriculture, domestic, 


industrial, or other uses; determination of water eaten for “ various 


These criteria have usually been applied to the natural hydrologic q 
inflow and outflow in individual ground-water basins. Occasionally, they 
kg 
observed so tha e water thus made available wul be usable for Deneliciat 
| 
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= operating study: i is made ‘solely for convenience of illustration and bears no — 
relationship to the order of work or usual concept of fields of endeavor. » The % 
a engineer = and geologist will function in close coordination throughout the 
inv estigation and will be assisted, as required, by other concerned specialists. "i 
ne From the basic data colle: ected, the limits of variability of factors entering 


into the determination of yield can be established and the operating studies 


‘stream channels, irrigation, and domestic or municipal services; part will go 7 
, _ to direct percolation to underground basins; and some may be exported perma-— 
 nently from the area. a. Items. of accretion to ground-water storage are the 
ys — deep percolation of water applied for irrigation—whether from surface or Pe) 
ane underground sources ; the deep percolation of precipitation on overlying lands — 
and of a portion of the water delivered for urban uses; the direct g ground-water a 
y recharge from surface-water supplies; seepage from natural and artificial water 
channels; and subsurface inflow from adjacent areas. Depletion of ground-— 
water supplics i is caused by extractions for required water supplies to areas of 
& rising water, uneconomic consumptive use in high water-table areas, 
extractions for purposes of salt balance, and subsurface outflow from the basin. 
From such studies, made with varying operating criteria, the average operating = ; 


yield and the volume of underground storage’ eapacity utilized may be 
determined. bite bn & abaad wht 
‘The portion of the total underground storage capacity that is capable of © 
being dewatered during periods of deficient surface supply and resaturated 
during periods of above-normal supply may be considered as the usable 
_ storage capacity. Obviously, the volume of the usable capacity is limited by 
the capacity of the basin to yield or absorb: water vate predetermined rates 
sufficient for cyclic operation. Criterion 2, pertaining to ‘water quality, is: 
a applicable to this situation. Water-quality factors may reduce the volume of 
gross-storage capacity that could otherwise be ‘classed as usable. ohio si 
Maintenance of suitable quality of water supplies, particularly. ‘those 
intended to be used consumptively by _irrigated ‘agriculture, — requires the A 
consideration of the salt balance involved in the use and reuse of such supplies. © 
‘The solution involves induced drainage of water from the ground-water basin _ 
in quantities sufficient to maintain satisfactory mineral quality. The water — 
so drained will constitute a future demand on the developed water supply. a 
| Under natural conditions, most ground-water basins tend to fill with 
. and to overflow in the lower portions, thereby flushing out soluble salts con- _ 
tained in water originating in the tributary watershed” ‘and overlying lands. 
When | aquifers in the basin are tapped by wells, the pumping draft lowers i 
ground- water levels such an extent that, in many cases, the natural flushing 
of the basins ceases. Because the pumped water is largely used on 
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charge: of water from the area, either surface or occurs, in the course 
_ of time the concentration of salt compounds i in the remaining water will become > 4 
80: great as to inhibit it as a source of water supply. For this reason, the 4 


_ planned extraction and export of the quantity of of water er necessary | for mainte 
nance of adequate quality are required. 

_ From the procedures outlined herein, the total firm yield of the conjunctive | . 

operation and the average operating yield of the underground reservoir can 
be determined. The average operating yield will vary, of course, in accordance | 

with the method of operation selected for the surface component—that is, 

“carry-over” or “‘fill-and-draw”’ ‘Operation, The of such average 


Clendenen noted that conjunctive operation of 
ground-water storage capacity is presently — being opera in several 4 


ticularly true in extensive irrigated areas where a portion of the a 


~ applied water, from whatever source, , finds its } way to the main body of under- 
ground water in storage. wou haa, 
_ The writer cannot agree with Mr. Clendenen as to the basis of financing — 

future water-supply developments. Supplies which have been developed in 


sever, is Abc wrege with instances of developments at excessive cost, followed by 
_ the dishonoring of bonds and other securities and the dismemberment or 
reorganization and refinancing of districts and other water agencies. In view | 
_ of the fact that much of the “cream of the crop’ of possible water-supply _ 
_ projects has already been developed, it is apparent that projects which are 
uneconomic in a repayment sense will necessarily have to be constructed in a 
order to meet increasing demands for water. Whereas much of the cost of ; 
such projects should properly be e paid by the principal beneficiaries, the w vi 
_ users, it is felt that support from governmental revenues is both required and a 
proper in order to continue the maintenance of a modern, dynamic economy — 
the administration and operation of ground-water- -storage capacity for 
- conservation and use of available water supplies, a new field of operational 
_ problems will require solution. These problems may be divided into broad — 
areas, tentatively designated as legal, hydrologic, managerial, and operational, — 
a The problems in each area will, of necessity, contain elements common to one — 
or more of the other areas because the interrelationship is such that ‘precise — 


A _ The present paper has, it is hoped, served to initiate effort in this direction. — 
Engineers, particularly those engaged in water-resource activities, should take 
a position of leadership in the development of a sound foundation of of theory 
and practice for the maximum ultimate utilization of all available resources. 
for the conservation of the n national water 


on ¥ 
7 
q 
7 
<> ] 
7 
— 


; 
WATER 


SyNopsrs 
of use of surface water for irrigation 
New not been fully realized in the qennsiing and operation of irrigation projects. 
_ Because of transit losses, farm waste, , and deep percolation, only about 50% 
of the water diverted from streams is used by crops. Significant quantities 
are commonly used nonbeneficially i in poorly drained areas or along natural 
stream channels. ‘There cited herein the advantages of ground- water 
pumping to reduce losses, to prevent or reduce drainage problems, and 
F irrigate additional lands where the water is of suitable quality | and aquifer 
: haracteristics are favorable for the development of ge-capacity wells, 


Early” irrigation develipment in. the United | States was based almost 
__ exclusively on the use of surface water—first, by direct river diversion and <i 


with regulation by upstream storage reservoirs. From 1900 to ‘the 
present (1955), many , of the most economical reservoir sites were e developed ee 
+ for power, irrigation, flood control, or other purposes. Millions of dollars ies 


were justly expended, and yet nature has provided reservoirs of far greater total a 


than all the reservoirs has built; they | man ’s 


a a water of falls the ‘ground, it many 
times before it reaches the ocean. Practically all the fair-weather flow of ie 
streams represents ground- water the overflow of the 


Hrstonrcat, DevevorMenr ¢ OF 


 Moders 4 ground- water irrigation development as it now (1955) had 


- its beginnings i in the United States in about 1900. Artesian basins in which a 
> aa supplies could be developed by natural flow rep resented the first signi- ee 

ficant use ; to the layman who did not know its source, the supply was s considered ~ a oh ia 
inexhaustible. However, with the drilling of more and more wells, the flows _ 

began to diminish and man | became concerned. ‘This led to the e study 

of artesian basins by various state and federal authorities; it was then that — 

modern ground-water hydrology was born. Attention was first given to the 

arid regions of the western states because i in this area water ‘supplies are ex- 
tremely vital. ‘supplies were “meager ar and unreliable, and the value 


a perennial supply, even though limited, was recognized. 


Nore.—Published, essentially as printed here, in June, 1955, as Proceedings-Separate No. 707. Posi- 
tions and titles given are those in effect when the paper was approved for publication in Transactions. 


a Hydr. Engr., Hydrology Div., Bureau of a U. 8. Dept. of the Interior, Denver, Co 
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AR 
development of wells. The of ground water and the 
of well failures 1 ledt to the investigation’ of the causative factors and theoretical — ae ¥ 


a comprehensive investigations was the Work of C. Slichter. 
Impetus was given to ground-water development by the of the 
mp. 
internal combustion engine and the improvement of the centrifugal pump. 
a oe Better methods of drilling and finishing wells enabled the production of more | 

water from a single well and at less. ost. Thus, the stage was set for 

‘ag cal 
doubk largely responsible for improvements in the design and 
ay construction of wells, pumps, and motors. The high value of ground 


water and its adv antages for municipal and industrial use provided not. only = 


The development of the vertical turbine pump, the well screen, 
electric motors, and low-cost electrical energy have all given added impetus 
to the growing use of ground water. 


he total industrial use includes water for cooling and other purposes c where 


the water is essentially unchanged in quantity or quality. 
“se only a few areas are reliable data available, and even in these areas the ‘quantity 
pumped changes significantly from | year to year with the increase or decrease 
acreage irrigated and with the i increase or decrease in annual precipitation. 
many areas, ground water is used. as a supplement to surface supplies, 
and the amount used depends toa large extent on the quantity of pon 


Ra In 1945 the ‘USGS estimated the total use of ground water in the United 


“Theoretical of the Motion of Ground Waters, " Nineteenth Annual Report of 


8. Geological Survey, Geological Survey, U. 8. Dept..of the Interior, Washington, D. C., 1899. 
_____4“"The Physical and Economic Foundation of Natural Resources: Part II, The Physical Basis es, 
_ Water Supply and Its Principal Uses,” Interior and Affairs ‘House of Representatives, 
in the United with 8 cial Reference to Grows Water,” by C. L. 
MeGuinness, G. Survey Circular 114, U. 8. the Interior, Washington, D.C dune, 1951. 
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GROUND WATER 

per year 


Rural, other than 2.2 2 


in pine conn the USGS rev evised its estimate of the use for irrigation to. 16,800,000 
a per yr. ee on reported data from various sources, it is —— 


“95, 000,000 ‘cents per yr in n the. seventeen western states. Data on pumpage 
for irrigation in the more humid parts of the United States are almost totally _ a 
lacking. - However, the limited data available indicate that even in humid — 
areas the use of ground water for irrigation is profitable for growing high- — 
quality ‘specialty crops and will more extensively used as experience 


gained, I ‘odd. lo pote boti lo 9 on} wd 
The use of ground water a irrigation is vital to the agricultural economy © 
of many of. the western states, especially Arizona , Arkansas, California, — 
Colorado, N ew Mexico, and Texas. With the possible exception of J Arkansas, 
the total pumpage in each of these states exceeds | 1,000,000 acre-ft pr per: 
_ California.—California leads all other states in the use and development — 
ground water. is estimated by T. Russel Simpson’ { that the total gross 
pumpage of ground water in California in 1950 was more than 10,000 
aere-ft, including municipal and industrial use. It is assumed that for practical 
purposes, the small quantities used for municipal and industrial purposes 
- would not significantly affect the estimated total use. This usage is broken 
down into seven ‘major hydrographic areas as going 
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n domes particularly i in the south coastal area and in the San Joaquin V alley. 
Continued overdraft has been practical only because ¢ of the: large 

i, capacity of the ground -water basins. Even with the large ‘storage available, 
= serious problems are arising. Along the coastal areas, | the intrusion of sea 
water is becoming increasingly serious. Ru In some parts of the San Joaquin. 

“pumping lifts are increasing, and economic conditions may largely 
_ determine the length of time the rate of overdraft can be continued. a 


1950, of Ground Water in California,” by T. Russel Simpeon, ASCE, 117, 
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The coordinated use of surface hh ann supplies | for i irrigation 
a has been given ‘more consideration in the Central Valley of { California is 
than elsewhere. In the upper San Joaquin Valley area, surface supplies for “@ s 
a years have been insufficient to meet the requirements, and ground- water 
pumping has been relied on. Ib some areas, crop  Tequirements were met 
wholly by ground- -water pumping. Such pumping has been largely from 
_ ground-water storage, and the tremendous quantities of water pumped without 
_ completely dewatering the most permeable aquifers is evidence of the vast * 


ver 


"storage capacity of the ground-water basins. A Early reports recognized that 


= necessarily be abandoned. . Thus, in about 1930, the state water plan 
_ envisioned the diversion of surplus Sacramento River flows to the lower areas. 
of the San Joaquin Valley, and by exchanging San Joaquin flows with = 

) water, additional surface supplies could be made available to the : 
~ higher lands in the San Joaquin Valley. _ With the execution of the exchange 
contract and the construction of Shasta Dam and the Delta~-Mendota Canal ~ 
_ by the Bureau of Reclamation, United States Department of the Interior : 

_ (USBR), additional water supplies were potentially available for use on upper ; a. 


- Dam and the Friant-Kern and the Madera Canals were significant water _ 
_ deliveries made. - Under the p proposed plan of f operation, ground-water pumping» i 
a will be utilized to the maximum practical extent, and additional supplies of fe i 
a surface water will be available. So far as possible, a balanced surface-water _ 4 


San Joaquin Valley lands. However, not until the construction of Friant — 


and water supply w will be used to meet and municipal d demands. 


to the east ase of the South San Joaquin Valley Geta the facilities of Friant i 
and appurtenant di distribution system ‘should prove effective in satisfying 
onl the deficiencies in water supply to areas now in n production. . The ‘additional i 
ay ground-water recharge and reuse of return flows resulting from the application — 
of the 1,500,000 acre-ft of new water will probably i increase the total available 
the importatgon to an avi erage of more than 2,000,000 acre-ft. 
= Similar plans are underway (as of 1955) for augmenting the water supply of 
west of South San Joaquin Valley. 


lifts are increasing, and it has long been that importation 
_ of surface supplies would be required if the economy of the area is to be 
8 stabilized or expanded. — Irrigable lands in this area total nearly 1,000,000 . 
acres. The USBR is supplying (1955) about 300,000 acre-ft of surface water — 
_ annually to the west side of this valley from the Delta-Mendota Canal a 


under the terms of the "Plans no now (1955) ‘being 
faa the construction of San Luis Dam and distribution system which will | 


obtain | water from the Sacramento River, utilizing the off-peak capacity avail- cad 
able i in the Delta-Mendota Canal and Tracy Pumping Plant; ; storage would be 
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only about one-half that of California, it is no less important to the scene of 7 
the area. In recent years, the 600,000 acres irrigated in the Salt River Valley _ 
ha area (including Pinal County) have received the greater portion of their water e 
plies | by ground-water pumping. ms In 1951,° the ground-water pumpage 
in this area exceeded by almost four times the surface water diverted at Granite bo 
% Reef Dam. The total area irrigated has increased from 436,000 acres in 1946 
_ to 590,000 acres in 1951 and represents about one-half the total irrigated area e 
ie Arizona. . During the same period, the number of wells. increased from 850 " 
to about 1,500. From this, it is apparent that the increase in number of wells 
(75%) : is proportionately greater than the increase in the irrigated acreage > 
: (35%). It may be concluded that yields of older wells have diminished as the 7 
a water table has declined, and the more productive aquifers have become un- 
watered, — Consequently, | new and deeper wells have had to be drilled, not 
only to irrigate new lands but also to compensate for: the decreased 
of the older wells. 7 


ord Valley 
Greenlee _-Dunean Valley hal 
fart of Santa Cruz basin 


‘Pima 
Pinal Santa Cruz and Gila basins 
Santa Cruz Part of Santa Cruz basin 


Yuma basin 


5 “delineated by the ‘USGS. Table 1 indicates the basin and the — 
When the amount of water pumped greatly exceeds the quantity of recharge 
to any basin, ‘it is commonly referred to as “mining,” the connotation being a 
that in large measure the water pumped will never be replaced. . Studies made } 
_ by the USGS in cooperation with the State of Arizona have shown conclusively 
most of the water pumped in recent years has been “mined. «High 
agricultural | prices, highly efficient pumps and motors, low-cost power, , and 
_ decreases in surface supplies resulting from drought conditions are, no doubt, — 
_Tesponsible for the large i increase in ground- water pumping. This has occurred a 
‘despite the fact that pumping lifts have steadily increased. 
ae There is little doubt that the future of the highly developed ‘agricultural — 7 
economy in the Salt River Valley basin, including Pinal and Maricopa Counties, 
is : dependent on the importation of additional supplies ‘of surface water. Cor n- 


tinued overdraft of the present (1955) magnitude cannot long be maintained : 


q 
and Ground-Water Levels in Arizona in 1953," by L. C. et al, Geological — 

urvey, Dept. of of the Interior, Tueson, Ariz., June, 1954. 
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ven from a ground- water basin of such capacity. USBR has 


_ a comprehensive study of the methods by which the importation of additional 
water could be made into area. proposes t the diversion of water 


with water now originating upstream, large areas would be furnished @ supple- ql 
mental water supply. The dispute « over water er rights an and the interpretation of 
- the Colorado River Compact is before (1955) the United States piece ng 
ve Shortly after the construction of Roosevelt Dam in about 1910 (on the a 
s Salt River), water levels within the project which i is served by river diversions — 


to the water table was from 10 ft to 50 ft. Because of ground-water pumping— 
first for dealnage: and later for water si supply—the depth to to ground water i ‘in 1945 


water-table | depth of less than 10 ft, and in about 65% of the area the depth 
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was less than 10 ft in only 0. ).2% of the area and was between 10 ft and 50 ft 
in about 55%. ater levels in areas served wholly ground-w -water | pumping 
a have declined at a much more rapid rate, and pumping lifts in excess of 300 ft 
‘Texas. —Irrigated acres eage in Texas expanded | from slightly more than 
a. 000,000 acres in 1940 to more than 3,150,000 acres in 1950,’ the increased. 
- gpreage being served principally by ground-water pumping. Nearly two- | 
_ thirds of the total irrigated area is located in the high plains. . About 600 000 
“2 acres are irrigated i in the lower Rio Grande Valley and almost an equal amount - . 


the coastal prairie rive-growing, region, these areas utilize surface 


in the southern high plains 1951. 2,000,000 acre-ft, but 
- because of drought conditions prevailing in 1952, pumpage was about 3,700,000 — ‘ 

— -acre-ft. . As shown in Fig. 1, the number of irrigation wells in this area hes 4 


= from about 2,000 in 1940 to more than 18,000 in 60ND ieee, hows ait J 


“Irrigated Agriculture in Texas," Miscellaneous Publication No. 59, Texas Agri. Experiment Station, 
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average pumping lifts in 1949 were approximately 110 
» ft, the maximum being somewhat more than 250 ft. The principal aquifer 

in this area is the Ogallaia formation, a heterogeneous mixture of gravel, —_, 

‘ silt, clay, and caliche, varying from place to place as to sorting and cementation, — 

as well as permeability. The average thickness of the Ogallala formation 
the Amarillo, Lubbock, and adjacent | areas is approximately 210 ft and has © 
- been estimated to contain 150,000,000 acre-ft of ground water in storage, of 
a which about 100,000,000 acre-ft are within 200 ft of the land surface. ae 

Colorado. .—Considerable ground-water development for irrigation 
. onal in Colorado, principally in the Arkansas, Rio Grande, and South 
_ Platte basins. In these areas, ground water is pumped primarily to furnish 

supplemental. although considerable acreages in some of the Aributery 

valleys rely entirely on ground-water pumping for their supply. mo 


ere 
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Recently somewhat. localized but intensive development of ground ‘water 
has occurred in the plains areas of eastern Colorado. — In 1952 more than 100 
wells had been drilled, which provided a full supply to approximately 6, 000 ; 
acres. 4, Development of ground water in this area is moving forward § at a a 
—-Tapid pace (Fig. 2). Although a relatively s small area is now irrigated in this = 
manner (as of 1955), large areas are capable of being developed because they 
7 are underlain by the Ogallala formation and have sufficient saturated thickness +) 
permit the construction of large-capacity wells. Recharge to the 
_ water reservoir is limited, and pumping is almost wholly from storage. a 
wd ‘Development of the San Luis Valley artesian basin i in southern Colorado — a 
a began i in about 1890, and it has been estimated that ‘more than » 500° wells 
have been drilled to date (1955). Most of these wells are of small diameter 
and are cased only a few feet below the surface. Consequently, frequent — 


. cleaning i is required to keep them ——, and undoubtedly many of the casings 
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a and: the wells no o longer flow at at the surface. Recently several 
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The total area in Colorado, _secording to the agricultural 


acres (as of 
1955), about of which is almost entirely by ground-water 
pumping. The most intensively pumped area lies in the Platte River Valley ; 
between Kearney and Grand Island. In 1952, George H. Taylor, A.M. J 
ASCE, estimated that close to 400 000 acres in Nebraska are irrigated wholly - 
_ or in part by ground-water pumping from a total of about 8,000 wells. The 
q total quantity pumped is is probably approximately 600,000 acre-ft annually. dae 
Although: the 1949 census indicates that Kansas has or only about 140, 000 
_ from the Ogallala eaten in the western part of the state. There is con- _ 
_ siderable ground- water pumping in local areas, and this can be expected | to a 
a amor if prices remain at their present (1955) level 
—s Tt is significant to note that irrigation is not confined to the so-called 
‘arid”” states. Supplemental irrigation is now practiced in every, state east 
Ss the 100th meridian. _ The new interest in irrigation is evidenced by the 
fact that the area receiving supplemental water increased from 780, 000 — 


‘100th meridian. a he adv antages of the dev of supplies 


_ able to evaporation losses and, hence, are available wh when ‘streams and and farm 


Ponds s reach their low stages dry periods, a 


SToraGE, RECHARGE, AND DISCHARGE 


“pot. given ‘more to their and atiliastion? the 
= A place, the concepts of storage, recharge, and discharge « are not well understood — 


to measure, and in some respects behaves unlike surface Studies of” 


ss 8 “Geology and Ground-water Resources of a Part of the San Luis Valley, Colorado,” Geological — a 
Survey, U. 8. Dept. of the Interior, Washington, D. C., 1954 (unpublished report). 
__ *“The Ground-Water Resources of Nebraska,” by George H. Taylor, Geological Survey, U. S. Dept. 
of the Interior, Washington, D. C., January 24, 1952 (information release). “vias 
Effect of | in a Subhumid Area,”’ by Willis C. Boegli, Proceedings-Separate No. 
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ae - advantage of irrigation in humid areas stems from the fact that, although the _ | en 
total annual rainfall may be adequate, the monthly distribution is such that 

a a j crops frequently suffer from water shortage during a critical part of the growing ee _— 
ae season. The value of supplemental irrigation in such areas has been studied — 2 th 
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ground-water reservoirs depend, in a large measure, on indirect evidence ob- 


- tained from geological and engineering studies; yet, ground water forms a 


tre part of the total water resources, and as one reaches the limit of _ 

development of surface water, ground-water sour ces must be developed for 
additional supplies. Fortunately, the science of ground-water hydrology has 
provided techniques which were not available in 1900. It is now possible to 
estimate the capacity of underground reservoirs and to determine the inflow, 

outflow, and perennial yield. It is known that | -ground- water storage, ‘if 
properly used, will provide water that is essentially free from silt and bacteria a 
and i is of relatively uniform temperature a and chemical | composition. — it 

Likewise, advances in the design and construction of wells, pumps, s, and 

_ power plants have provided the means by which the water stored in these 
natural reservoirs can often be utilized economically. _ Low-cost electric power 
or diesel power has made possible the use “of great. quantities of water that 
-otherwi ise would not have been available. “ai bat rovil 23 soatiue nod” 
In some respects, ground-water reservoirs are 

charge. The reservoirs are often intricate in their 

- construction, but their location can be mapped and their structure determined. : 

_ The hydraulic characteristics of the aquifers comprising the reservoirs can be 
determined accurately with respect to recharge, discharge, storage, and move- 
ment. These processes involve laws of fluid mechanics which depend on the. 
principles of physics but which have little significance in the | hydraulics of 

surface water. The most efficient operation and use of these reservoirs can be 
accomplished by the practical application of the knowledge Gaestaped by these. 
scientific methods of ‘investigation. vet geod bhild odd 

a One of the most difficult problems in regard to any ground-water develop- 

ment is how much of the water pumped is taken from storage and how much is © 

supplied from surface sources, The latter quantity is dependent on the size 
and location of the intake area, the permeability of the surficial material, and a 
the quantity and distribution of the water available for recharge. The “stage” 
a the reservoir + mast be determined by measuring the elevation of the water 
tables in wells. Because the _ water surface is not a . plane, as in a surface — 
_ ‘reservoir, many wells must be used. If the reservoir is full, the water available _ 
‘¢ for recharge will be > rejected, and thus the potentialities of the | reservoir are 3 


i 3 All ground-water reservoirs have some natural discharge. Withdrawals — 

the reservoir will either reduce the natural discharge, increase natural oll 

drawn ait from the reservoir is dependent only 0 on n (a) the ot a 
of the prersnieting discharge or (6) the increase in recharge over what has 


= made in such a way that the average rn ena is equal to —~ average pecbnewe:i 

The development of artesian basins is often limited in an attempt to maintain - 
ie aes pressures at a level which will maintain flowing wells. This means that 
only a small fraction of the total storage oapneitey of the reservoir is being utilized, a = 
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— 
In some instances, . the perennial rield of reservoir is limited by. the 
_ capacity of the aquifer to transmit water rather than by the quantity of water 
_ available for recharge. The aquifer thus serves as @ conduit from the recharge 
area, to the discharge area, although it may have some of the characteristics of _ 
both a a reservoir ond a conduit. to For this reason, the manner in which a 


critical as is done when the function 
of a surface reservoir. In such instances, the capacity an and | the recharge must 


known with a reasonable degree of accuracy.: 


di Satvaes oF WaTER SUPPLIES BY (CooRDINATED Use hog 


surface water is diverted for significant | portion percolates 
below the root zone of plants, and with suitable drainage conditions, in due — 
_ course of time, finds its way back to natural or artificial drainage channels. — 
This water, together with farm waste, is usually termed return flow. Where 
4 the physical conditions are suitable, such water may be rediverted to additional 
lands and used for irrigation purposes. In instances where this water must _ 
_ be carried in natural drainage channels for long distances before -rediversion, — 
_ quite often the channels become choked with tules, cattails, and other water- _ 
loving vegetation termed “phreatophytes” which sometimes use a large part | 
of the water available. In the southwestern states, a plant known as salt — 
cedar or tamarisk -(Tamariz gallica) is often found. This plant, introduced 
_ from the Middle East in about 1900, often infests deltaic deposits at the head» 
of reservoirs, , along streambanks, and drainage channels. The USGS, in an 
investigation of the Safford Valley (Arizona) in 1943-1944 found that these 


: plants used from two to three times as much water as that required by most — 
t ys The water used by these plants varies as the depth to water, temperature, 
om the density of suet? Poorly drained areas such as those found near or 
in almost any irrigation project provide 8 suitable ‘environment for these 
plants. _ In the aggregate, their total use is no ‘doubt several mnillion acre-feet 
_ per year. Although their total use is great, a difficult problem is presented — 
fi when an attempt is made to recover this water economically. It is believed 4 
that, by proper coordination of surface-water and ground-water reservoirs, ea 4 
- significant quantity of the water thus lost could be salvaged in some areas. ron 
Inasmuch as phreatophytes are commonly found in poorly drained 
it is possible that large quantities of water could be salvaged by lowering the 
water: table by ground-water pumping, if suitable aquifers occur. Peak 
_ demands for irrigation occur simultaneously with maximum use by phreato- 
_phytes, and continuous pumping during the growing season would be effective 
in reducing the water available to the phreatophytes. qew Hesse sti 
In cases where natural streams flow through phreatophyte-infested areas, 


| 
re 
characteristics of the aquifer age withdrawals: from:a ground-witen 
— ___In studying the effects of pumpag 
4 


by this inthe Midale Rio Grande Valley of New 
even though construction has not been completed. hs 0 

hag A situation similar to that in the Middle Rio Grande Valley also exists in the 4 

Pecos River basin (New Mexico). Because of more limited runoff in the = 

Pecos River basin, the nonbeneficial depletion presents a more pressing problem. a 
it - McMillan Reservoir on the Pecos River was constructed in about 1900 to | 

ae provide storage for the Pecos Irrigation Company, the predecessor of the _ 

a Carlsbad: Irrigation District. McMillan Reservoir had an original capacity _ 
about 80,000. acre-ft but has been depleted by sedimentation so that its 


is 
present (1955) capacity is only about 37,000 acre-ft. In addition, leaks have > 
: re developed in the reservoir'area and its effectiveness has been reduced further. _ 
After various studies of the possibilities for the enlargement and reh rehabilitation — 
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farther upstream at Alamogordo. This was in 1935, and 


tion was completed i in 1937 by the USBR. At about the » same time, the Red 


il interests. x Meanwhile, phreatophytes consisting almost entirely of salt cedar 
gained a foothold in the Lake McMillan delta deposits. The phreatophytes 
spread rapidly upstream and provided an effective -means of keeping the 
_ sediment out of the reservoir; apparently at that time no one realized how . 
much w: water ‘they ‘were is Devs 
Because of the interstate problems involved, a compact commission wat was first 
appointed it in about 1925, but it was not until 1948 that the Pecos River Com: a 
i Pact. became effective. _ The compact provided, among other things, that. the > 


ream flow in New Mexico by man’s activities would be limited to 
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that « as of 1947 but would not be for additional ¥ 
i resulting | from natural causes. _ The Pecos River Commission was established 


ae into the area in about 1912, , they covered an area of rm ; 
14,000 acres in 1939, about 27,000 acres in 1946, and by 1953 (assuming the 
same rate of increase) about 36,000 acres. These phreatophytes have a ; 
; _ potential ability to consume between 140,000 acre-ft and 170,000 acre-ft of 
4 water annually. In effect, these plants are robbing the water supply of the 
_ river. Although it is obtained almost entirely from the ground-water reservoir, , 
_ ground-water depletions are restored by river flows before they continue 
_ downstream. This use has also had the effect of further concentrating the 
soluble salts in the Pecos River flows, which, at best, are somewhat saline, 5 
1% largely as a result of brine springs in the the vicinity of Malaga F Bend. . To -com- z 
 plicate the problem further, ground- water pt pumping from aquifers 
: began in about 1927 in the area between Roswell and Artesia. Although the 
state engineer for New Mexico has closed the area to ad additional pumping, the 4 
Lig 
flow of the Pecos River has no doubt been decreased. re 
If the curve shown in Fig. 3 is extended to atl el that the present 
2 of f spread of phreatophytes is maintained—it is evident that their potential — 
consumptiv ve use would be about two-thirds of the average a annual runoff of the 
_ river at Artesia, which is about 300,000 acre-ft. 
‘This example illustrates the close relationship of ground water and surfac 
water and that, at least i in some instances, _ studies of one without the othe 


would be of little value. In this connection, F. Dixey" has stated: 
“The study of ground water provides the key to many hy drological problems ; 
_ which are not at first sight directly related to it, ft it is particularly im- 
portant for example in problems of river management. _ The interrelation 
4” of surface water and groundwater needs further examination; increasing use _ 
of the one may result in loss to the other, and the canal use of surface 
ow ater for irrigation may stop accretion to ground water.” 
ite 
In the absence of legal restrictions and phy. sical limitations, the economics — . 
of pumping is usually the determining factor not only for the location but Call ; 


: ££ the quantity of ground water pumped for irrigation in arid areas. Water 


has a higher v: value for domestic and municipal supplies than for iastion.ond: 


therefore, for these uses more elaborate installations and higher hee 


costs can be sustained. Ns 
Almost, without exception, the history of ground- water irrigation 


ment of arid areas demonstrates that w here the land resources exceed the water 

resources, the ground-water reservoirs have been ov erdeveloped if were 

profitable to do so. Ing some areas, , the problems of overdraft have been ri recog- 


ar “Some Recent Studies in ag 5 -water Problems,” by F. Dixey, Ankara Symposium on Arid Zone 
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GROUND WATER 


nized and appropriate measures takion ‘before development the 


where e legal control alone would not offer ; a practical s solution. ‘i A — 
- examplei is the Roswell artesian basin in New Mexico. In other areas, ‘such 28 
parts of Texas and New Mexico, legal attempts to control unlimited as 
water pumping have been made, have been partly successful 
aquifer overdev elopment occurred prior to legal control. thi ee 
hil unique problem is presented in such areas as the high eee region, AN. 
which covers parts of New Mexico, Texas, Oklahoma, Colorado, Kansas, and = 
Nebraska. ~ Annual average recharge from precipitation is limited to perhaps. 
} in. to } in. annually, depending on the average precipitation of the locality Be oy 
BFL ess an average recharge of } in. and an average unit irrigation consump- 
 — use requirement of 1.0 ft, an average of only 1 acre in each 48 acres could 
“be irrigated if the irrigation depletion were limited to the recharge. The 
; question then arises as to the desirability of limiting irrigation by legal re- 
_ Meletions tn to such a degree, particularly in an area where the quantity « of ‘ground 
water in storage is very large i in relation to the recharge. ~ Obviously, if the 
_ ground water remains forever in storage, it will be of little economic benefit — 
to the overlying landowners or to the public, but, if utilized by‘ ‘mining,” an . 
"irrigation economy y may b be developed and sustained for a given length of time aa 
depending on the quantity of water in storage, the extent of development, and J 
the pumping lifts. . Such ¢ development and utilization of the ground-water — 
storage during that period 1 would be of great value not only to the individuals } 
, involv ed but also to the state. However, many social and economic problems Z 
may result from such developments. Permanent improvements—such as 
~ buildings, roads, and utilities—in all probability must ultimately be abandoned, 2 
and persons dependent on irrigation agriculture must seek another means of 
livelihood, unless, of course, a 1 new source of water can be made available. 
Ina on August 6, 1952, George Harris, attorney f or the New 
Mexico state engineer, stated that the state engineer testified to the effect n 
_ that he considered that the waters of such a basin were fully appropriated = 
when there was enough w water remaining in storage | to supply the prior ic 


“storage in ous a way that ‘appropriators will have a right to the use of a 
water in perpetuity. Mr. Harris expressed the ‘opinion that an irrigation — 
economy should last for at least 40 yr and that appropriations } for the 1 use — 
of water should be based on studies using this criteria. tod 


LEGAL ASPECTS OF Grounp-WaTER PUMPING FOR IRRIGATION 


he Laws relating to the use of wind water a are generally based on on and are . 
- similar to laws governing the use of surface water. Basically, two major — 


r ny doctrines ha have been followed in the United States—the common law doctrine . 


ot riparian rights” and the doctrine of prior appropriation. As applied to 


nantes formation; the right is sustained even though it is not used. ; 
The doctrine of appropriation t recognizes that “the first i in time is the first | in 
“right, ” and generally is limited to the quantity of water that is used beneficially. 
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‘Also, the right is usually forfeited if not used for a 

period oftime. 880 Sot bivow 
ah Attempts have been made by the court in some instances to distinguish — _ 

a between “percolating. ground water” and ‘ ‘ground water flowing in definite 

_ underground channels,” “artesian waters” and “diffused surface waters, ” 


and t to apply different regulations based on those distinctions. . Because this 


distinction is not based on scientifically defensible facts, it has caused much 
- confusion. Regarding this, A. G. Fiedler, M. ASCE, and D. eer | 


n 


“and ground water, moving to certain well ie 


baw Beeause of the competition for limited water supplies under the r riparian 


doctrine, the New Haxnpshire State Supreme Court in a decision rendered® 
co in 1862, ruled that @-man ’s right to use water percolating under his own land > 


is limited by the corresponding right of his neighbor. This has since ee | = 


known as the American Rule of Reasonable. ‘Use. The California Supreme 
Obert further modified the American Rule and held that not only must the use 
- be reasonable, but it must also be correlated with the 1 uses of others and in 
times of shortage each should receive a fair and just share. K 
_ At present (1955), at least fifteen states have some form of ground- iene 
law based on the appropriation doctrine, and about s six states y apply the ae 
can Rule of Reasonable Use to the riparian doctrine. In all the other states — 
Just ‘as disputes have arisen between water u users in the same state, disputes 4 
a have also arisen between states. _ ‘The ‘earliest disputes pertained to territorial © 
_ boundaries, and agreements were reached by compact—the first in about 1780. 
Since 1789 the compact method has been used extensively, ‘dealing with 


i problems of flood control, navigation, fishing, stream-pollution abatement, 


: vehicular tunnels, municipal waterworks, and port facilities. Since 1900 ey ig 
a ——, dealing with ‘surface-water allocation have been negotiated between ae 


a specifically to the use © of ground water , although the soewt of stream depletion | 


a ‘upon which some compacts are based would include stream depletions as a 


result of ground- water pumping 


 Inrecent years, more emphasis has as been placed on the coordinated : p ration 
of river systems. - Experiences in the Tennessee V alley, the Missouri River — 


and the Columbia River basins, and elsewhere have demonstrated the ad- 
vantages of river operations. However, lacking some 


method of approach would appear to meet these quite closely. 
p> ® _ the past, it has generally been considered that, once a compact has been nego- b 


12 “Some. Pro blems me Releting Control of Use of Ground W 
Fiedler, Journal, A.W.W.A., Vol. 30, 1938, pp. 1049-1091. 


— ec 
— 
| 
— 
hat @ scientine point OF view, 
ae nd water is neither justified nor necessary. J 7 
= 
| 

| 

— 
: py D.G. Thompson and 


- tiated, nothing more need be done, In view of the ever-changing physical, 
- economic, and social. ‘conditions, there may be advantages if compacts merely ¥ 
established ‘operating principles with enough flembibty to permit operating 


beneficial par ties concerned. ~ Such a concept would require the compact 
- commission to study continuously the changing physical and economie condi- 5: 

- tions within the basin as a whole, but it would provide a flexible le mechanism 
capable of meeting. the changing increasing use of ground > 


ae 
> water for irrigation in some western river valley s, the sedimentation of reser- 


is to be realized from the available water resources, the rules n enh be flexible. 
PoreNnTIALITIES OF GRouND-WATER DEVELOPMENT 


aod ai Revation To AGRICULTURE 


mm The expansion of agriculture in the arid and s semiarid western states is : 
largely dependent on (a) the importation of water to shortage areas from regions = 
having a surplus and. (b) the judicious development and use of ground water, — 

a. It would be difficult i indeed to predict the effect of changing economic and 

social conditions on the feasibility of transbasin diversion projects. In the 

final analysis, each must be evaluated i in the light of ‘prevailing conditions at F : 


some shortage transbasin diversions may not be practical or 


pumping. 4 Because of the deterioration of water quality from irriga- 
tion use, allowance should be made» for adequate outflow from the basin 


= Irrigation i in humid areas and especially the use of ground water for irriga- ty 


are ‘certain to receive more attention in future years.. For example, the 


increasing demand for high-value s specialty crops by the frozen-food industries. 


will euimulase the search for a reliable source of supplemental water as drought 
insurance. Ground water, if suitable will admirably 


‘The rapidly expanding development « of ground | water for irrigation i indicates a 
that it is vara increasingly important in the utilization of the total water 

resources. Coordinated development of surface water and ground water 
= possibilities that should be considered in the planning of irrigation — 

wttaines honit 

projects if maximum development i is to be attained. 


ESI prope planned, ground-water developments will often permit the 


Recent advances in the design and construction of wells, the availability — i 
of cheap electrical power, and the increasing demands for specialty ¢ crops have 


Given aapens to the development and use of ground water for irrigation. 
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DISCUSSION BY Mussrs. RoBERT T. Knapp, FREDERICK L. Hors, 
Norman H. Brooxs, James A. Harper, H. Lue, 


Angeles County (California) has been practiced for approximately 60 yr, wall : 

_ proved to be a beneficial conservation measure. Since June, 1915, he Los 

Angeles County Flood Control District has had the dual function of flood 
control and water conservation. From June, 1915, to January 1, 1955, the 


district, in cooperation with local agencies, has added approximately 1,200,000 
 aere-ft of potable water to the ground-water supply through both percolation © 
from basins in off-channel spreading grounds and injection through wells. 


Percolation from basins is normally associated with shallow spreading basins — 
overlying open aquifers and injection through wells with confined aquifers. 


In the study of ground-water phenomena related to basin recharge, one 
_ must examine separately the conditions caused by open and confined aquifers. — 
‘Common to both types of conditions are the fundamental premises that (a) 
_ the flow of water through porous media, such as sand, is laminar; (b) its _ 
4 velocity i is in accordance with the Darcy law; and (c) the rate of flow is based 2 
a on vertical sections in accordance with the Dupuit theorem, except in special 


ks In applyi ing these laws and | theorems to undisturbed ground-water streams — 
it is , found that, in general, the velocities are low and that there is a lack of 
_ spectacular features compared to those of surface-water hydraulics. — The — 
concept changes, however, wi hen the ground- water stream is disturbed as _ 
result of influences such as recharge from the surface and the formation of a 
: = mound, which is superposed on the original, undisturbed ground-water table. 
q In an open aquifer the mound will necessarily have a free-water surface whereas — 
in a confined aquifer | a pressure mound will form. The mathematical back- 
_ ground of these phenomena has been developed by the writer,? and the material 


herein is confined to those features which are of practical interest. 


Note.—Published, essentially as printed here, in September, 1955, as Féper 806, 
- Positions and titles given are those in efiect when the paper or discussion was approved for publication in 
Transactions. 


Asst. Chf. Engr., Los Angeles County Flood Control Dist., , Los Angeles, Calif. 
?“Ground-Water Movement Controlled Through Spreading,” by Paul Baumann, Trananctions, 

ASC ASCE, Vol. 117, 1952, p. 1024. 
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eal on the shape of the spreading the will be 
being two dimensional or three dimensional. Hence, two cases will be con- 
sidered: (a) The recharge from strip basin—for example, a canal or a stream 

~ channel whose width is smaller than its length and (b) the recharge from a 

basin whose shape'is approximately circular, 

nD clear water seeps into the ground from a shallow basin, it will rere 

through ‘the pores solely under the influence of gravity and free from hy a. 

static pressure. The rate of infiltration is controlled by the properties of the — 

4 soil and the viscosity of the water. iH Because viscosity varies with the tem-— 

, the rate of infiltration must vary - accordingly. fs However, in the study 

of growhidé water phenomena related to basin recharge, one can use average 

values of temperature and consider them constant. In addition, idealization 
of soil properties is necessary by using ‘average values of permeability and * 


porosity and of the slope and magnitude oftheaquife. 


aches the undisturbed ground- 
' sien table, a mound heals to form, which may be considered a two-dimen- — 
_ sional ridge. The initial width of this mound will equal the width of the 


; A spreading strip, but the mound will subsequently grow in height and width. 
9 In the case of an initially horizontal ground-water table, the spreading will be — 
» 


: symmetrical relative to the center of the strip basin and unsymmetrical if the 
mound spreads in the form of a wave, termed a “mound wave,” both 
a 4 upstream and downstream from the spreading strip. \" The celerity of the wave 
n - may exceed more than ten times the initial velocity of a particle | of ground | 
water. The propagation of this mound wave resembles the propagation of a 
tidal wave in an estuary. The rate of propagation decreases with the increase 
of the wave length—that is, the distance from the spreading strip and » 
_ initial ground-water depth—and increases with the rate of infiltration. Pa 
ce --‘The rate of growth in the height of the mound depends primarily on the _ 
rate of ‘infiltration and on the distance from the : spreading strip to a control. e 
No ground-water movement can continue indefinitely without such a control, 
_ which may be the bank or bed of a stream, a trench or pit, a pumping trough, 
4 or the escarpment along a lake or the seashore. A control is principally an 
area of discharge by which the ground-water levels may be kept constant. 
The idealized control is a vertical seepage surface extending from the top to the 
bottom of the aquifer, and terminating along the respective vertical plane. 
The greater the distance from the spreading strip to the seepage surface the 
higher the mound may rise before control by the seepage surface becomes © ) 
effective. The term “control,” ’ therefore, pertains primarily to to the — 
depth the ground-water stream may sustain. oul 
| The ultimate height to which a recharge mound may rise above the initial 
surface of a ground-water stream in a given aquifer is” is governed by the rate | 
and duration of infiltration and the vertical distance between the initial — 


7 ground- water surface and the surface of as ground, or the distance between _ 
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rol is governing and the mound 
Ow 
will result, The native flow through the stable- 
: "mound system | and will be increased by the recharge flow on reaching its zone — 


‘in an directipn: the balance will flow downstream toward the control 
7 es and at a rate sufficient ‘to. (a) replace the native ground-water stream and | 
— maintain the growth of the mound. Hence, the rate of growth of the . 

mound will depend on the excess.of the rate of infiltration per unit width “ie = 
_ spreading: strip over the rate of native ground-water flow. 4 The ratio of 
infiltration : rate to the rate of native ground- water flow per unit length of 
_ strip is, therefore, an important parameter of spreading operations. Normally 
_ this ratio is large because native ground-water movements are limited by _ 
.-. gradients of generally less than 0.01 whereas the rate of neiinntion is primarily 
governed by a gradient which approaches unity, anined « side 


. “ton of ground water ‘through pampiig or other means, the growth of a 
mound will tend to be rapid and that, in the course of time and duration of = 
recharge, the mound will reach both the surface of the ground and the free | 

water in the spreading basin. A continuous pressure system will then have 

been created between the spreading basin and the ground-water body. Be- | 


cause this condition i is dependent ; on the mound not attaining stability b before 4g 


a _ the progresive flattening of the slopes of the mound. If native ground- water 
- existed, the rise of the mound to the surface might have serious con- 
sequences as a result. of -waterlogging of the ground—unless prevented by 
pumping extractions. Hence, it is advisable to combine spreading and pump- | 
; ing operations to achieve complete control of the mound phenomenon. Ground © 4 
water extracted through pumping should, of course, be put to beneficial use. 2 
Los Angeles County (California) approximately two-thirds of the total use 
of water is supplied from ground water; hence, pumping is performed in oS . 
areas where recharge i is practiced. However, pumping, i in general, lacks proper 
coordination with recharge. Consequently, proper control for the systematic a 
accomplishment | of maximum water conservation is ‘not exercised. 
: 9) The time requirement for a growing mound for an initial gradient of 0.01, a 
a distance of 4 ft between the simulated spreading strip and the control, and . & 
The 


the mound, which. is associated with the 


*“Ground-Water Movement Through Spreading,” by Paul Baumann, Transactions, 


ir 
— 
ths 
fin 
fic 
| 
th 
— a 
— 
e model dimensions, | 
carried far beyond th an 


in the direction with time and approaches ze zero at 
instant the adverse gradient disappears. The native ground-water flow then 
* gradually passes through the mound and, together with the entire recharge 7 
oe flow, moves toward the control. Hence, at the time the mound has reached 

its ultimate height the entire native and recharge flows are discharged through 
the control. Theoretically, this time is infinite; however, it may be noted* y * 
that the time required for the mound to become -_quasi-stable is well a 
- finite limits. it: For a smaller — and a greater distance to the control, — 

- For example, 


2,400 hr, as with 10 hr, would be for 
_ The initial slope and depth of the native stream and the distance to the | 
‘ae combined with the rate of infiltration, the permeability, and the o 
me effective porosity determine the ultimate height of the mound and effective _ 
- upstream distance of the backw ater. Theoretically, this distance is likewise _ 
infinite. Practically, however, the rise of the backwater above the initial > . 
ground-water surface is of no importance after it is no longer measurable. =—_— 

‘ ond In model tests s for maximum potential flow,‘ the “basic parabola” was 
observed. It is apparent that the: Dupuit theorem is applicable with fair F. 
approximation except near the spreading basin and near the control. That 
in & the use of the tangent of the slope : angle rather than the sine of the angle ee coe 
ee permissible, as long as a ground-water problem can be treated without a Bc 


7 The model quantities could i readily be applied 1 toa prototype of comparable 7 
soil properties, initial slope, and linear dimensions N times those of the model. 
The rate of infiltration and the time required for the various stages of the 3 
mound would then be N times t those of the model. - Hence, if the linear dimen- =_ 
< a? sions of the prototype are, for example, 200 times those of the model (NV =| 200), 7 
_ the initial slope is 0. 0025, and the distance to the control is 800 ft, then the time — 
a required for the mound to reach practical stability would be approximately _ 
= 20, 000 hr or 835 days, the ultimate height 50 ft, ‘and the distance of measurable 7 
backwater | 60,000 ft. If the distance between initial ground-water 
a and land surface is less than the ultimate height of the mound—for example, 
_one- -half or 25 ft and is therefore governing—the time required for the mound to ; 
;, _ rise to the surface would be approximately 20 hr or less than a day. At this 
time, a measurable tise . of the backwater would ¢ extend upstream from the 
"spreading strip for a distance of 2,000 ft. clearly illustrates the rapid» 
spread of the mound wave even in the upstream direction. In the downstream 


‘direction the mound wave would require less than 4 hr to reach the control 


which i is 800 ft from the spreading strip. Based on these soil properties, the 
_ time required for a water particle of the native stream to travel a distance of » 


800 ft would be 5,760 hr or 240 days. Henee, i in this case, the average celerity — 


dite 


of the mound wave is more than 1,400 times that: of the a of native’ 
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The Disappearing Mound.—When a mound rises during spreading opera~ 
tions and recharge then is discontinued, the mound will drain itself in the — 
course of time. Theoretically, this time is infinite; practically, effective 
_ drainage takes place within a time period comparable to that of the growing : 
-* Using the: same scale factor (NV = 200) and a prototype specific yield equal 
to that for the rising mound, the time required effectively to drain the =f 
{ which is 50 ft in height and with an initial gradient of 0.0025, would be 30,000 
hr or 1,250 days. It would therefore take approximately one and one-half 
_ times as long for t the mound to drain as for it toform. This time requirement, 
of course, increases with the increase of the distance to the control. => ad 
__ If the mound has not reached the control and is still in the state of growth | 7 
{ at the time spreading is discontinued, the mound will not only fade away but 
will “float” downstream because of lack of hydraulic support from the control. — 
- Hence, the passage of the itinerant, fading mound will be demonstrated 3 


“af itself; the position mound crest will 1 remain fixed as as 
a infiltration from the surface is maintained. 
- The foregoing also applies, in general, to the circular spreading Laan 
_ except that in this case the mound will be three dimensional. 


_ the difference in the shape of the mound between a horizontal and an initially } 
inclined ground-water table and the phenomenon as a whole is much 1 


In the case of a horizontal ground-water table, the mound wave ra iates 


a! _ uniformly i in all directions from the center of the circle. _ Hence, the atl 


are the traces of radial, vertical | planes which diverge i in the \ dizestion.« of flow. 4 4 
Therefore, for a recharge flow per unit length of circumference of the circular | 


ie ‘more than from strip basins the three-dimensional 4 


mound i in the same ground- water basin tends to > spread more ¢ uniformly and r 
over a wider area before it rises to the surface. Furthermore, after it rises a 
tothe surface, the rate 0 of infiltration (acceptance rate) for r the three-dimensional, 


diminishes less rapidly than for the two-dimensional mound, In 


_ addition, the danger of waterlogging the area adjacent to to the circular spreading 
aa is lessened despite the fact that the initial rate of infiltration per unit 
area of a strip basin is greater than that of a circular spreading basin because ~ 


_ the rise to the surface, not the initial acceptance rate, is the criterion for 


flow through the pores of the soil. 
eae ground-water flo lis that are several thousand feet from spreading _lUu 
water ‘in observation wells that are several thousand feet fro pres 
beer 
ma 
= 
e 
i 
| 
i ind is less than tha 
growth of the three-dimensional mou 
sl 
— t 
— | 


GROUND WATER 
ee the seepage of a circular spreading basin is falling on an inclined ground- 
water table, the ‘mound phenomenon is far more difficult to analyze. At 
- present (1956), no exact solution has been given for the unsteady flow and , 
wave motion. Mathematical expressions based on the streamline theory have a 
bee n developed* only for the ultimate condition, which is the stable mound. , 
It is necessary to assume even for this condition that the infiltration is con- _ 
_centrated in the center of the circle. Recharge a well, which will 
‘For the steady-flow condition the , streamlines and ‘equipotential contours. 7 
may be computed. The formation of a recharge stream, which is entirely ¥ 
separate from the native ground-water stream and confined within vertical , 
‘interfaces, mes means that, except for some diffusion along the interfaces, the two b 
liquids, despite chemical and physical similarity, do not mix. This condition - 


_ exists b because of the difference i in potentials, that of the » recharge flow being a 


sbabigs Stagnation ty 


alll 1.—Growrs or Recuarce Bus 1n Grounp-WarTer Basin 
vs. asymptotically approach a width which is equal to the total rate of infiltration 
divided by the rate per unit width of native ground-water flow; the time re- | 
quired therefor is infinite. ott of bed lo af tote 


7 a Attention must be directed with some sp eculation to those features which _ o 


occur within finite times. It is safe to reason that in its early state this mound 

_ would not differ much from the circular mound if the initial slope ofthe ground- 

water table were quite small, which it usually is. The imoand would be 

Wes slightly egg-shaped rather than circular, the point of the “egg” facing dow n- 

‘y _ stream. With continued spreading the mound would be growing in all direc- 
tions, but it would grow most ‘Tapidly in a downstream direction and least — he 

rapidly i in an upstream direction. Because the streamline theory predicts 


> point of stagnation at the ultimate upstream boundary of the recharge flow, 


the mound therefore must approach this point by decelerating its upstream 
 srowth, It On the other hand, the ultimate condition in the downstream direc- 
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__- progressive elongation of the mound in the downstream direction. | Although | “a 
_ an exact analysis is difficult, intermediate stages of the mound may be i. 
practically ev. aluated methods. One condition must always 
exist for any particular time—the water content of the mound must be equal “4 4 
_ to the volume of water infiltrated, Fig. 1 shows the approximate shape of the — % 
a mound for three early stages in relation to the ultimate shape of the mound. — a 
xis A problem that often: arises when. spreading grounds are located on the bench | “< 
__ Jand next to stream channels is as follows: Under:what condition can the re- 
_ charge water move across the stream channel if a mound, previously formed _ 
un 8 under the ; channel, has risen to its surface—that is, under what condition can 
_ the channel mound block the flow from the spreading mound? =i aire 
-_ _ It can be concluded that to stop the flow from the spreading basin the 
water surface of the channel mound would have to rise to the same elevation cs | 
> as that in the spreading basin. If the spreading basin is properly located this a a 


., could only occur during flood stage when a operations a are not a 


: 


: @ significant return flow from the spreading basin to the channel can “i av aided. 
a = Fig. 2 shows a section normal to a stream channel s ‘and adjacent spreading 
=< ground after the channel mound had risen to the surface and had become _ 
afd quasi-stable prior to spreading; the flow net of the channel mound is indicated. __ 
7 Actually, the flow trajectories are curved because of the sloping stream — a 
and aquifer but, if developed into a plane, the flow net resembles that shown in 
7 “7 Fig. 2(a). Obviously the curvature of the flow trajectories facilitates the 
~ a If recharge commences at this time, a mound will form on the ites ye of as 
preter mound and the flow from the channel mound will act in a manner 
similar to the native ground-water stream. The recharge mound will rise 
rapidly and reach the, potential of the channel mound. Flow from the channel 
mound toward the recharge mound will also cease, which will have the same — < 
effect as as the widening of the stream bed to the full width of the spreading» 
ground. Henee, | the total infiltrated flow frora the channel and. the 
ground will be divided relative to the center line of the combined width. Part | 
of the recharge flow will therefore begin to move across the stream channel, — 
together with all the channel percolation. dw oma otiup 
As the spreading mound continues to inn. an increasing part of its flow — 
4 will | move across the channel, va This condition (Fig. 2(b)) may be accompanied 
by a return flow to the stream channel if the spreading basin is only separated. 24 
, from it by a levee. The flow net shown in Fig. 2(b) is likewise developed from 
a curved surface, and the curved trajectories will again facilitate the flow from — 
both mounds. Only by taking the three dimensions of the net into considera-_ 
“tion is it possible fully to understand this flow condition. _ The actual part of © 
the recharge water crossing the stream channel for any given condition is 


obtained from a need-flow net. 
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assuming the imperviou 8 to be horizontal and the flow ‘tra- 
Pe jectories linear and at right angles to the stream channel, a relation between 


the average acceptance’ rate, per unit of wetted area and the | parameter, 
D/Wyis oft lo tan to diqal sovip 


Phreatic Wine 


Ground surface 


Phreatic line 


> 


Equipotential | lines 


Or 7 ner) 
7 in which K is the permeability coefficient and e, the base of natural on Cal 


= 


. Eq. -1 was determined by computing the flow per unit length of channel for 7 
flow nets of constant depth, D, and variable width, W (Fig. 2(a)). The ‘ 
7 “average acceptance rate per unit of wetted area of TEAL with the i increase in 
width of the channel relative to constant depth of the aquifer. However, 


total acceptance rate, Q, increases with W at a rate. 
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basin and channel are separated by the usual bipnd-snested, flat-sloped levee. ri 


2. For example, the total acceptance e rate { for D/ W=1 and thes stream channel 4 bine t 
only i is Q, = 0.387 K W, whereas for a combined width equal to 4 W of stream F oe b 
Ota and spreading ground, Q, = 0.468 K W. This relation between a 2 tel r 

given depth | of of aquifer and of the spreading area is of of economic | 
From Fig. 2(b) it is apparent that no significant return flow from the rs I 

© ‘ comaiien basin to the stream channel will occur as long as the gradient between _ a 
the two is moderate—that is, not steeper than 5 horizontal to 1 vertical. ; A El 
This condition is satisfied if the difference in water-surface elevation between | oa 

_ the spreading basin and the stream channel does not exceed 10 ft and both aS 4 

{ 


re In the case of ground-water basins along the coast and inland bays of L 
California the recharge through wells is almost always coupled with the 
a recharge of a pressure aquifer confined between an impervious stratum at the =! 
bottom and at the top. In view of the cost of such an operation per unit agg 
volume of water injected as compared to that of basin spreading, —i Boat 
through wells should ‘only be used where spreading cannot be used. 
_ A survey® by the California State Division of Water Resources indicated — es 
“4 that of a total of 79 such ground- water basins 19 have been more or less crit- _ q 53 “4 
contaminated by the intrusion | of sea water and that the 
basins are potentially subject to contamination. _ 
In southern California, the west coast basin of Los Angeles County i is one Lobe 
of the most critically affected areas. A -water-bearing zone of great value, 
the “Silverado Zone,” has been causing increasingly grave concern. Many 2 ‘ re 
‘water-producing wells in the | basin area had to be abandoned because of in- 
a creasing salinity beyond the potable limits; the City of Manhattan Beach — td 
_ (Calif.) had to abandon eight of its major wells. In 1950, the Los Angeles a reer aa 
County Control District conducted a recharge test on one of the aban- 4 
doned wells. The test, which extended ov er a period of approxim imately 
_ months, proved that it was possible to inject fresh water at reasonably uniform — 3 ae 
and to create a pressure mound.’ Because of the promising test results, _ a AS 
‘the legislature i in 1951 approved a $750, 000 appropriation to conduct a large- Eke 
scale recharge test in the Manhattan Beach area. In February, 1953, the _ ‘a 
flood control district, which was under contract to the state water resources : re 
of water resources as its enginee ee 
= this test which is still in n progress ‘(as of 1956). Although the 


propriated state funds became exhausted in November, 1953, the flood control 
== , together with the west basin water association, ‘managed to continue — 
the test on a somewhat reduced basis after that date. tasty is only . 
te In facing the problem of stemming sea-water intrusion into a ground- water 4 
4 
4 


basin by a fresh-water barrier, a principle not previously cited herein pertaining 


“Seawater Intrusion into Ground Water Basins Bordering the California and Inland 
Water Quality Investigation, rate fo. 1, California State Water Resources Board, Sacramento, Calif., .. 


L 7 “Experiment with Fresh w ater Barrier to Stem Sea Water Intrusion,” by Paul Baumann, Journal, 


W.W.A., May, 1953, p. 521. lato} aad 
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the fact that in to balance the pressure sea water 
‘ef by fresh water at any depth below sea level, a differential head of fresh water "oe 
between 24% and 3% of the d depth in question must be provided. The exact 
& dg percentage depends, of course, on the actual relative density o of sea a water 

oe and fresh water at a particular location. At Manhattan Beach a differential a 
head of 2% of the maximum depth must be present. _However, this differ- ae % 
me ental head can only exist as long as the fresh-water gradient i is seaward which, a z 
Ms, unfortunately, has not been the case under natural conditions in this and other 

ground -water basins along the ocean front of | California. . Hence, it is necessary — 
ik to raise the water or table artificially by. a a pressure e mound @uted through the ES 

injection of fresh water into the aquifer through wells. Replenishment of the ce 
basin will be: an important incidental achievement. a 


4% 


— 


* 


the other and thereby possesses the of a density current. 


Therefore, sea water will intrude a ground-water basin lying below 
aa sea level in the form of a a . wedge which will creep along he bottom of the ns 
aquifer at an ever-increasing rate and will eventually the fresh water 
a throughout its section unless it is repelled by recharge operations. — Such a 
pressure produced by fresh-water injection through wells ‘must satisfy the 
foregoing minimum requirement at all points. — Thus, the spacing of the 
recharge wells is an important hydraulic parameter in addition to being 
economic significance. The mechanics of the pressure mound thus formed 
of the free mound below a circular spreading ground are basically the same, ex- 
i expt no significant change in storage is involved with the pressure mound. 
rae ac ‘Hence, a simplified analysis can be made of the recharge of a confined aquifer. vi 
ia ‘ ‘The maximum spacing of the recharge wells is determined by the ratio a 
Sg ee rate and rate of native ground-water flow per unit length of barrier. > = 


| «*‘Rig 3i is a map of the west coast basin | and the ground-water contours of the — 


aaa “ical aquifer prior to the recharge test. _ The location of the test front in 

a, relation to the possible, ultimate recharge line i is indicated, together with the 

sites of tests conducted simultaneously « on the Manhattan Beach well and on a 

spreading plots. — Areas A and B represent quasi- -unconfined aquifer conditions “ee 

a ‘The depletion of the basin i is evidenced through the deep depressions and the 
landward gradient. “Tn general, the basin is confined between the ocean front 

Sand dunes in the test reach, approximately 90 ft thick, are 

4 fi hear sea level by approximately. 20 ft to 30 ft of r relatively impervious iil 

sediments which cap the affected major regional known 

| Discussion b David K. Todd of “Ground-Water Movement Controlled by 
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specific gravity between fresh water and sea water 
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3 Was nha he hative ground Water and the Titfated 
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ma hydraulic continuity with several important prolific west coast basin, wate | 4 


*:. bearing 1 members, : , among 1 which are the quasi-open | aquifers i in the areas marked _ 

bie At At the t test site, the effective bottom of the aquifer is approximately 110 ft s 

below mean sea level. It follows, therefore, that, according to the 
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sea-water pressure at that depth i is 2.75 ft. ‘The test front, 4,000 ft 
oe “tal long, approximately 2,000 ft landward from the sea shore and parallel to 
it, is formed by nine 12-in.-diameter recharge wells, 500 ft apart. ‘Thirty-six 
Bi -in., four 4-in., and eighteen 2-in. wells were provided for observation | ‘of i 
pressure levels and for sampling. Fresh water is supplied through a pipeline 
which connects to the west-coast-basin ‘supply line of the 
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to recharge (solid ‘contours). 4 


‘The: possible detrimental effect of the “saline wave’ has some appre-_ 

7 ten This wave was thought to be the result of displacing part of ~<a 7 
saline ‘water with injected fresh water which h: had extended landward beyond _ 
the ‘well front. . The test proved that this apprehension ¥ was unfounded. The 
- sea-water intrusion itself is the damagin feature and not the saline wave 
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caused by injentions- the intrusion is the effect of the saline 
wave is not important. - These statements 2 are, of course, made on the assump- ; 4 
_ tion that the saline intrusion had displaced the native ground water for a 
-_Telatively small distance landward from the well front and that, therefore, the © . 
volume of saline water landward from the injection wells would be small com- 
_ pared to that of the native ground water. In general, it was found that the _ 
saline wave flattens a as it moves landward. contaminating effect: dimin-— 
q hes approximately with the square of the distance from the recharge wells 


isochlors 
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Errect oF on Sea-Water INTRUSION 


Ly 


if the: rate of fresh-water injedtiain is such t that the minimum differential baad of 
2.75 ft at the internodal point between the wells ¢: can be maintained. | SW cr 
Ins a section through the center of the test front, in Fig. 5(a), is ‘shown the a 
extent of the sea-water intrusion prior to commencement of injection. Hori- __ 
_ zontal and and vertical distances may be estimated from the di distance between the — 
000 -— 
180 
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Chloride salinity, in parts per million 
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PA recharge well and t the seashore which i is approximately 2 ,000 ft and hem ‘the 7 
depth below sea level of the aquifer which is approximately 110 ft. The saline 
water indicated by the cross-hatched area had displaced nearly all the native — 
water between t the ocean and the te test front and had crept 3,500 ft landward i in b 


the form of a wedge. Wherever possible, the position of the interface between 


- saline water and fresh water was determined by conductivity measurements. — 
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5 for 18 months. 
« bulb. The recharge water had dieplaced the saline water in the form of a 
q erater and had caused it to “slough” off landward and to retreat seaward. 
> The rate of displacement of the saline water naturally depends on the rate of 
injection which, in turn, depends on the he injection head, relative to mean sea — 
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sea water and the native fresh water and, unless agitated, not mix with 
al either except through diffusion along the interfaces as previously cited. Hence, 
the water volume of the recharge bulb must at all times be equal to the volume > 

of water injected. _ The landward sloughing, the flattening-off of the saline 


water er displaced from the ers crater, and contaminating effect of 
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Finally, Fig. shows, on speculative basis, the ultimate result of 
recharge—that i is, the condition at a time when the recharge operations would 
have accomplished their objectives. At this time, the saline wedge would 
have been forced seaward far enough to enable recharge water to escape to 
the sea; the configuration of the saline wedge would then be an inverted, basic — 
a parabola; and the landward saline wedge would have been reduced to a harm- — 


™ ti layer along the bottom of the aquifer. In actuality, the remaining 


‘TABLE Rares, IN Cusic Fret 7 


0 |; O 0 

0. 


63 


“extractions. The condition as_ shown in I Fig. 5(c) would probably establish 


7 itself after approximately 10 yr - of continuous fresh-water injection. ~ Recharge J 
would have to be resumed when the saline wedge had again advanced a critical © 
 ¢ distance landward or might be maintained at a rate sufficient to prevent — 
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to the well Tonk It is interesting to note the articulation of the 


mounds at the recharge wells and the merging of these tmounds landward from m 


4 
es Fig. 7 shows the pressure-mou und configuration at various times along - 


cross section normal to the test front; Fig. 8 shows the mound in . profile; and ue 
the injection rates are shown in Table It is evident that the pressure 
mound extends well beyond the terminal recharge wells. ‘Unfortunately, the 
well at the north end had to be shut down. and injection was discontinued 7 ; 
after only a few days of operation because of failure of the clay cap at this ey 


location. the barrier shown | in Fig. 8 was created by only 8 recharge 


The barrier test has clearly demonstrated of 
wells in relation to sim iple casing wells. ‘Two. of the 9 recharge wells w were gravel- 
. jacketed and performed = ae throughout the test. Of the remaining 
7 simple casing wells, ¢ one e failed immediately after it w was put i in operation, and 


costly repairs. The main: of the gravel-jacketed “well are the 
: ‘uniform distribution of perforations and the resulting freedom i in the movement 

of recharge water through the gravel jacket into the aquifer, which requires 
considerably less head than a simple casing well for one and the same rate . 
recharge. Hence, the danger of “blowout” ane ‘the contact between well 
casing and clay cap is correspondingly lessened. 


similar method of ‘sterilization, 


and which are stimulated activity by unavoidable aeration 
of the recharge water. Sterilization of clear water diverted from streams sat-— : 
tending large-scale recharge operations in spreading tenes has not been — 


“The writer is is ‘indebted to H. E. . Hedger, M. ASCE, for his review of the 
paper ; to Finley B. Laverty, M. ASCE, and his staff for assisting in the com 
-putations and the preparation of the original exhibits; and to Hazel M. Robert- 7 
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RoBERT T. Knapp,’ M. ASCE— —Although the paper was undoubtedly 


by stimulated by the author’s interest i in the water problems of ‘southern . California, 4 i 


the concepts and methods it presents are applicable to all semiarid and arid 


‘Tegions where water supply is a limiting factor in determining the population 


writer was particularly interested in ‘the ‘Manhattan Beach experiments 
on the development of a fresn-water barrier to prevent salt-water intrusion in ny 


4 - depleted ground- water basins. . While ¢ observing the action. of the fresh- water 


face of the salt water appears to slope in the wrong direction. 
“4 au One can assume that i ina density-current flow ina porous medium there i is no 
r friction at the interface between the two o liquids k because the velocity difference 


: 

OOS 

is extremely s small. — The flow velocity of the snereeny: layer i is s determined ad 


flow, pressures will always be constant along any horizontal plane and will be 


equal to the weight of a unit column of sea water whose height i is the distance — a 


_ ed from the horizontal plane to sea level. The slope of the fnteriage will therefore 


“The pressure level will nok be determined by the depth below 
- the: surface | of the. ocean but by the pressure | in the overlying fresh = | 


WwW hen it finally reaches equilibrium, the configuration of the interface between 
this isolated body of salt water will depend on its geographical location at 


Prof. and Hydr. Engr., California Inst. of Technology, Pesndene, Calif. 
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fer a Figs 5 it apipeate as if this lake were formed within the re- 
charge zone—that i is, where the fresh-water mound is still sloping landward. -_ 
If this is the case, the interface would slope seaward as s shown in Fig. 9. If this i 
- salt-water lake rested under a region in which there were pumping wells, the _ 


A interface would include salt-water mounds with peaks lying under these wells, = 
as ‘shown i in Fig. 10. podhe bie baa: 
4 ~ 
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10. oF PUMPING ON or Satt-WaTER Lake 


; depth below sea level of the interface. The slope of the interface is is always in 
the opposite direction to that of the ground-water surface. ii The interfacial 
slope is always steeper because the ratio of the two slopes is equal to the ratio — 
_ of the density of the fresh water to the difference in density between the salt 


_ water and fresh water. If the relative density of the salt water is assumed to 
s have the nominal value of 1.025 with respect to the fresh water, the downward | 
slope of the interface will be forty times the ground-water slops” ‘However, 

these considerations apply only to equilibrium conditions and therefore re] repre- 
sent only the maximum salt-water intrusion occurring for a given set of contin- 4 


FREDERICK L. Hores,” A. A.M. ASCE. ideiltin water problems are increas- _ 
"ing throughout the United States and, although there are many ; complex phe-_ 


é man ne- 
nomena that engineers and hydrologists would like to know more about, none 
is as important as basin recharge. — 

definite limits on the rpky 


has indicated some o 


limitations learned from his personal 
This discussion will be limited primarily to the problem of sea-water intru- 
dem into pressure aquifers. Several research projects conducted at the Uni- 


Associate Prof. of Irrig. Eng., Univ. of California, Berkeley, Calif. — 
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* versity of California at Berkeley ave contributed information of considerable 
assistance in interpreting ground-water behavior in coastal regions and on the _ 
effectiveness of injection wells in repelling sea-water intrusion. 
Model Studies,—In addition to contracting with the Los Angeles Flood Con- | 
trol District, the California State Water Resources Board also contracted with — 
the University of California to conduct laboratory and model studies of een 
—* intrusion, which would supplement and aid i baa the prototype experiments — 
being performed by the flood control district. aq eit 
_ Model Aquifer. —After a thorough study of the literature had been made fy 
asand and lucite model was constructed. Adetailed description of the model _ 


Ultraviolet lamp 
Piezometers, |} | 


- and the experiments, together with the results of research on impermeable cut- ” 


a off-wall materials, been published.” Therefore, only a Summary will be 
‘Fig. 11 is a sbeihiatis sketch of the apparatus. The main chamber, repre- 


‘senting an idealized pressure aquifer, was 4 ft long, in. high, and 3i in. wide. 
It was packed with a commercially | available -washed- -quartz sand; this 
s F has an effective size (10%) of 0.22 mm, a 50% size of 0.28 mm, and a uniformity | e 


coefficient of 1.3. When packed in the model its coefficient of permeiiy : 


An Abstract of Literature Pertaining to Sea Water Intrusion and Its Control,” by D. K. Todd, 3 
we Technical Bulletin No. 10, San. Eng. Research Lab., Univ. of California, Berkeley, Calif., uly, 1953. 
- 18“Report on Laboratory and Model Studies of Sea Water Intrasion,” by J. A. Harder and F. L. Hotes, _ 
Tea. m4 No. 11, San. Eng. Research Lab., Univ. of California, Berkeley, Calif., May, 1955, p. 11. PS 
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0.032 cm per sec (680 gal per sq ft perday). Th salt water was intr 
p duced through the chamber on the left and the fresh water through the chamber > 
onthe right. Both fluids were supplied through constant-head-flow regulators. 
5 The piezometric tubes were wand to establish the piezometric surface a 
any desired « condition of flow. The model injection wells were located only 
along. the near side of the aquifer. They were made of split-glass tubing, } in. 
i in diameter. The near face represents a plane of symmetry, which is normal - 
— to the coast line and d through th the center line of one of a series of injection wells — 
- that are equally spaced along a a line p parallel to the coast. The far face repre-_ 


- _ sents the plane of eee which is normal to the coast and midway between — 
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ad aouil [ncitiog ail?  .wolt tote w-dsett io aonlav tuo 
— injection process; therefore, they are represented by solid lucite walls in the 7 


a - Model Fluids.—The salt water used in the model was adjusted to a specific 
«gravity of of 1. 100, and solutions of both calcium chloride and sodium chloride 
_ were successfully used. The procedure increased the model flow rate and gen- 
erally speeded up.an otherwise slow action. the viscosity of these solutions 
<f was about 30% greater than that of sea water. — _ This 8 discrepancy did not affect 
eit ‘measurements when the sea-water | edge was stationary, but it did have some v 
effect onrategofwedge movement. 
' we An innovation that produced startling and successful results was the use of — 
"fluorescent | dyes s to aid i in distinguishing the fresh. water from the salt ¥ water. a 
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@ dues a strong, positive reupense from the thin-solution layer next to the wall. kc: 
es B in the salt water and 1 fluorosol in the fresh water gave good con-— 


trasting colors of red and blue. isk nk to bert mh 
Results —J. A. using an ‘adaptation of M. Muskat’s" approach 


i to the solution of seepage through an earth dam on an impervious foundation, x 
derived the following expression for the fresh-water flow and length of intruded — 

saline wedge under equilibrium conditions: 


must be T, the transmissibility fot a 100%- draulic 


7 "gradient; and L, the length of sea-water wedge from the ocean outlet to the toe. _ 
One should that the flow is of the depth the below 


HAPE AND Position oF Water W 1Q/T 
90,0020, 0.0009, 0.0006 | 


ies Fig. 13 is a composite » photograph showing the position of the wedge for three — _ 


2 different values of fresh-water flow. The dark vertical lines are caused by the 
‘metal bracing of the model. The shapes of the interface are typical. - The 
distances shown are for a hypothetical prototype aquifer 100 ft thick but are 
not limited to this one case. One of the great advantages of such a model is 
. that the results can be extended by model laws to any prototype aquifer. A 
= new model does not have to be constructed for each aquifer—the single study 
‘serves all. Of course, , models of aquifers with known variations in — 

4 might justify individual models for the study of peculiar conditions. = 
sam Fig. 14 shows the behavior of the sea-water wedge when water is injected — 
through a a line of wells 1,000 ft inland and spaced at 500-ft intervals. In i 


‘. series there is no flow to or from the inland area. Hence, all the pans water e 
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ait 


of the thin layer of solution visit 
— | 
Pale: 
by expermenta was also obtained from the hough Eq. 2 applies only 
to left. Eq. 2 wa It water. Although Eq. 2 appl applied 
right 0 tween fresh and ‘8a (tee eonditions—if it is ap 
parabolic interface be ever found under natural con 
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the apen the injection on rate is sufficient to hold the e wedge steady at 2 000 ft. 
Because the flow is not sufficient to hold the wedge seaward from the =: 


current. 
has been inereabadl threefold, which is sufficient to hold the wedge seaward 
* from the > well at at approximately 667 ft from the ocean outlet s 80 that part « of the 
A sea-water wedge inland from the well is completely cut off. 
An approximation of the prototype time involved in these photographs will 
indicate the value of the model i in speeding up an n inherently slow process. } The ; 
Silverado aquifer i is approximately 100 ft thick and its permeability is 25 ft - 5 
hr (4,500 gal per sq ft per day). _ ‘The prototype-model-time-scale ratio is 
_ therefore approximately 2,900 to 1, or 1 min of model time represents 2,900 
min (approximately 2 days). The time » after the start of {injection 
- each photograph i in Fig. 14 is shown therein. 


“Rie. 15. —Brnavior or Sea-Waren | Wepce Unper Overprarr Conprrions 
a Fig. 15 approximates conditions at the Manhattan Beach test site described , 
by the author. The series of photographs on the left shows the sea-water - 


wedge intruding from left to right under ¢ an inland overdraft condition. 2 Fresh 


water is being withdrawn from the right 1 ata prototype rate of 900 gal per day 

per ft. It should be noted that the wedge interface is no longer concave down 

ward but, once inland flow is established, closely approximates a straight line 

with localized at top and bottom." The interface lengthens as it 

a advances inland. The toe velocity is rapid at first, then it gradually decreases, 

and asymptotically approaches the average velocity determined by the rate of _ 
withdrawal and the effective cross-sectional area. — 


straight-line interface between two fluids with different densities and 


moving through porous media has also been demonstrated'* by Israel Naor, ’ 
= J.M. ASCE. Mr. Naor hypothesized that the interface is actually the result 


i of the Hele-Shaw Model,” Israel Naor, thesis presen to the University of — - 
Berkeley, in June, 1955, in partial f ent of the requirements for the degree of Master of Science. 


Behavior of the Interface Between Two Fluids Movi ving Through Porem Media Studied by 
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two superimposed linear motions. One motion is the horizontal movement 
of a fluid of single density and | gives a vertical front, and the other motion is 
——— by G. H. Keulegan. Mr. Keulegan observed the motion of the inter- 
face between two fluids of different densities in a porous media originally ie 
rated by a vertical gate. When the gate was removed a tilting motion occurred. | 
The interface appeared to rotate about midheight and remained a straight line. ; 
— Carag the motion. _ The superposition of this linear rotation on the linear hori- i: 
‘ zontal displacement resulted in the straight-line interface noted by Mr. Naor 
’ ‘4 _ Fig. 15 shows, on the right, the effect of injection through a well located 
2,000 ft inland at a prototype rate of 415 gal per min for wells spaced at 500-ft — 
- intervals. This rate is sufficient to provide for the overdraft of 900 gal per day 
_ ~per ft and the seaward flow of 293 gal per day per ft required to stabilize the — 


wedge at 2,000 ft inland from the coast. 
_ It should be emphasized that midway between the wells the toe of the wedge _ 
would probably be 2,250 ft inland. The result of the tendency of the wedge © 
“ to move inland between wells is clearly indicated in Fig. 4. Itis recommended 
that the line of injection wells be located at least one half-well : spacing <a 
from the allowed maximum intrusion of the wedge. The flows from the in- _ 
jection wells tend to equalize at this distance, and a relatively uniform flowrate = 
per foot « of coast is obtained. If the wells remain at 2,000 ft, a greater injection an 5 
_ rate is necessary to keep the wedge at the midpoint between wells from passing 
HA beyond the ne line o of wells, which would i mean a greater loss of injected water. tor 
. One important result of the test was to show that the wedge would | be © 
a “stabilized at the same point for the same rate of seaward flow no matter how far 
the wells were spaced i inland, as long as they were at least one half-well spacing — 
beyond the maximum allowable intrusion distance. Tests were also made on 
wells penetrating only the upper or the lower half of the aquifer and on wells in 
distant inland areas. — All results confirmed the theory that the location o of the 
4 source of the seaward flow was immaterial within the limits cited. One , re co 
Bs The distortion of the vertical scale is tenfold in Fig. 15 as compared is 2 
_ the Silverado aquifer, which should give a fair i indication of the relative import- — 

of the diffusion zone at the interface. . The interface. between the sea- 
i. water wedge and the overlying fresh water remained quite sharp inthe model 
_ and should also be sharp for the prototype. The fresh-water cone from the _ 
& injection well showed little mixing with the fresh water in in the aquifer but eS 

tended to move out by a replacement process, baltion, 
aul njection Wells for Fresh- Water Berrien: —The use of injection wells for the 


“a concept. "Perhaps it is a practical and economical solution to the problem i in 
4 


some cases. However, certain basic Principles must be considered if this method .. 3 
is to be the most economical solution. — _ There are four questions to be answered: 
(a) How much water should be injected; (6) where and how should the wells be , > 


located; (c) how can the required quantity be injected int into the aquifer ; and fa 


(d) is this the most economical solution? == 


“Ninth Progress Report on Model Laws for Density Currents,” by G. H. Keulegan, Report No. $411, 
National Bureau of Standards, U. 8. Dept. of Commerce, Washington, D.C., June, 1954. 
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HOTES ON GROUND 
‘mount of ater. —The solution to this lies in the principles of the 
conservation of matter and of continuity. Sea-water intrusion is caused by an — > 
7 4 inland-overdraft condition. The laws of nature require that a small quantity of “7 
= fresh water continually flow out to sea to repel the sea water. _ This quantity - 
ean be estimated from Eq. 2 for any specified allowable location of the toe of z ' 
4 _ the wedge. Whenever this seaward flow is reduced, the wedge will move inland. y 
2 If the flow is reduced or eliminated, or is perhaps even made a negative quantity 
inland pumping, sea water will flow inland edge stability can be achieved 
_ only by furnishing a seaward flow of fresh water. W ater in sufficient quantity _ 
willl not flow seaward unless the overdraft causing the invasion is eliminated. ¢ 
. That is, the total quantity of water required is equal to the sum of the seaward 
stability flow plus the existing overdraft. This quantity of fresh water can be 
. = by several methods or combinations that will be cited subsequently. _ 
os Location of Wells.—The status of the sea water trapped inland from the line ~ 
of injection wells, as shown in Fig. 5(6), presents a problem. It is believed that 
this salt water will continue to move inland and will begin to appear in wells” 


have previously been in a fresh-water zone only. Fig. 4 (dashed contours) 


: a indicates that this is what occurs at Manhattan Beach. ha The solid isochlors in 
4 Fig. 4 (solid contours) that are inland from the injection wells are even further i 
inland in ‘Fig. 4 (dashed contours). , Any wells pumping near the e wedge > will 

induce some salt water to flow to them, which will mix with fresh water in the Z 
_ well and cannot be removed except by pumping as long as the > injection wells 
It is recommended that injection wells to be used for sea-water r repulsion be 

a located inland from the most advanced intrusion of the wedge toe. The same 


7, 
oper 


- quantity of injected water is required, but this location has the advantage of q q 
immediately causing the entire wedge to retreat toward the sea. The excess 
sea water will be flushed out into the ocean and the aquifer will again be fresh. A, 
All pumping wells should improve in quality whereas, under the plan shown in _ 


Fig. 4, some of the inland wells apparently have suffered further quality deteri- — 


moe += mn 


he Problems of Injection —It is recognized that it is more difficult to pump 
ie ‘into the ground than to pump it out. The large-scale tests reported by bo 
the author are some of the most significant yet undertaken. Experiments con-— r ‘= 
— dueted on a well field at the University of California have yielded interesting _ 
results | on m injection rates for both clear ' water and water containing 20% of 
© _ primary ‘settled sewage. 718 Clear-water injection ‘rates of 8.4 gal per ft of 
= a aquifer having a permeability of 1,900 gal per sq ft per day were successfully a 
a obtained. The sewage- injection t trials were also successf ul but a redevelopment 
technique is vital79 particular importance was the discovery that no 
7 — coliform organisms appeared 5 in the observation well 190 ft away whereas afew _ 
i organisms did appear 100 ft away. Increasing the injection rate beyond a — 


ond certain limit did not increase the travel distance of coliform organisms. These — 
“Report on the Investigation of Travel of Pollution,” No. 11, California State Water 
4% Pollution Control Board, Sacramento, Calif., 1954. OOM Br 
- 18 “Studies in Water Reclamation,” Technical Bulletin N No. 
_ California, Berkeley, Calif., July, 1955, pp. 24-34. a 
"Report on the of of ion No. California ‘State Water 
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ager rather than domestic water can be mys for recharge by injection, consider- 
able savings in cost are possible. toads | hot: “gale § 
Economical Solutions.—The quantity of “water required to repel 
intrusion can be estimated. The | total water use in a critical area cannot be | 
-e expected to decrease, but, on the contrary, present (1956) estimates predict ; 


greater water use in such areas. Solutions are additional importation of water, — 
Ee or ' reclamation of waste water, or both. Once this supplemental supply is " 


7 The sea-water intrusion can be eliminated by injecting the water into the enpeiles 7 
or by supplying the water directly to the users through a surface distribution 4 
_ system. _ The latter method reduces the draft on the aquifer and allows the 
“required seaward flow to take place. ‘The total quantity of water required i is 7 
- - the same in both methods. However, the injection method requires that the 
water be pumped into the aquifer and then pumped out again. ' This method 
is expensive and probably should not be used unless it is less expensive than the bio 
construction of a surface distribution system. Thus, a pressure aquifer acts 
asa conduit. It provides no storage but provides a “spigot” (well) for each 
--ale In the case of an unconfined aquifer there are additional bendiite obtained = 
from the injection method. | It keeps sea water out of the reservoir during dry __ 
years when water users may lower the ground-water level below sea level. 
The value of the aquifer as a purifying filter for injected sewage must also be — 
considered in cases where waste water is available i in sufficient quantities. 
Ground- water problems are inherently more difficult to un understand than 
 aubaeonien problems because in most instances they cannot be seen and 
_ must be dealt with in abstract terms, by mathematics and drawings. (Itis— 
only through such studies and | tests as the author has described that practical — 
H. Brooks,” J.M. _ASCE.—An exe excellent ex explanation of 


rate 


Mounds,” is particularly interesting. The writer agrees with the con- 
- clusion that the recharge from a stream channel does not prevent the recharge 
from an adjacent spreading ground from crossing under the stream. In fact, 


the recharge sy the combination o of stream cha channel and spreading ground i is 
essentially ly the sa ame as it would be from a stream of the same V width as the Ms) 


_ _-However, it should be noted that there are some limitations i in the analysis — 
‘resulting ir in this conclusion and i in Eq. 1. Each of the flow nets in Fig. 2 shows ‘ 
| zone of no flow which i is roughly triangular i in shape in the lower central part , 


of the pervious stratum. Assuming that the ground- water fic flow follows Darcy’s _ 


> law, there i is no theoretical justification for departi ing ; from. conventional flow-net 7 ; 
a — sis. Me nas the center streamline should g go to the bottom of the pervious _ 
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_ Because they are not impervious there will | be flow in them and the imiting_ 
streamlines cannot curve downward away from the center line to the 
pervious base, asthe author hasindicated. 


‘The: over-all effect of this approximation may not have a significant effect ; 


P ie ‘the results inasmuch as the flow velocities in the excluded region are un- 

doubtedly low. _ However, the approximation makes the drawing of the flow 

ott ols The writer has another n misgiving about the flow nets shown in Fig. , The — 


suthor states, under the same heading: brayana 


“Actually, the flow trajectories are curved because of the sloping stream 


i channel and aquifer but, if developed into a plane, the flow net resembles _ 


bys snbiaan 


iy 


ParaBoLa SOLUTION FOR HorizonTat Drecuancs Face f 


te 


nets apply only for two-dimensional flow it is 


a possible to draw a special type of flow net for axially symmetric flow i in three 

- dimensions, but there is no axial symmetry in this case. _ Therefore, ‘the - 
ve velopment of a curved-flow pattern into a plane flow net is without theoretical 
a basis. _ Although this development is helpful in visualizing the flow, it is 


nevertheless a faulty y procedure for quantitative solutions of problems. 


oe eh _ Furthermore, the way in which the streamlines curve in a plan view ii, 
“ on the length of the Teach of f the stream from which water flows into the ground. 
on If the recharging reach is very short, the streamlines can turn. parallel to the 
stream quite close to it. If, however, the recharging reach is infinitely long, 
the streamlines for the ground- water flow cannot become parallel to the stream. 
whose In making the analysis leading to Eq. 1, the author has avoided this “a 


wn flow, two dimensional. _ However, in drawing the various flow nets which 
= 
‘Tes 


tad ‘culty by assuming the underlying i impervious stratum to be horizontal and -_ 


esulted in Eq. 1 he must ha have | assumed some type of downstream contre. 


inc luded in the flow bets lyst ot 25 ect if the wedge- th 
q inc h t tl flow nets would be correct 1 
It might also be noted that the 
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ithout a control points at a Gnite distance it is to establish steady 


of In order to make an approximate analysis of the effect of the distance to 


os the control it will be e assumed that the control consists of a horizontal discharge f- 
face. The flow net in the vicinity of this control, shown in Fig. 16, is 
"familiar solution” consisting of confocal perabolas. The line of seepage in 
case is often termed the “basic parabola.” This theoretical solution is fairly 
good except in the immediate vicinity of the spreading ground. At this point _ 

% the curvature ' will be reversed because the water must initially flow downward» a 
from the spreading basin and then turn either to the right or to the left. epee E 
In Fig. 16, P is the point at which the actual flow net between the — 
ground and control starts to deviate substantially from the basic: parabola. 

To obtain a maximum estimate of the discharge for comparison with Me, se 

- Baumann’s analysis, one can assume point P to be at the water surface at the ‘s “Wied 

edge of the spreading ground. point cannot, i in n reality, be 0) o high, 
the discharge computed subsequently w 

. the actual discharge. In any event, the ‘actual flow cannot exceed this ; maxi- 
mum estimate because the line of seepage certainly cannot, at any point, be 


higher than the water "lev vel i in the spreading ground he the dc 


lg 
a i 


in which D is height of point P above the impervious base and L, ‘the: 
= horizontal distance from P to the discharge face. Because t! the discharge, q " 
' ; simply 2Ka (K is the pe permeability) the rate of flow can be expressed ji in 


_ According to the author the acceptance rate, q, is equivalent to 2 q'/W, wherein 

the factor of 2 accounts for flow to either side of the spreading ground. i Con- 
fr sequently, the maximum estimate of the acceptance rate may be given di- 


Because this is a maximum estimate, the actual acceptance rate 


bitaizana done od to ylito ton 
+. Fig. 17 a comparison is made between Eq. 1 and Eq. 5. It is apparent: = 
_ that for many values of L/D Eq. 1 gives a value of the acceptance rate which = 
exceeds the capacity of the pervious stratum for transmitting the flow hori- 
a -zontally to the control. For example, - if L/D equals 10 and D/W equals 3, 


‘2 “Seepage Through Dams,” by A. Casagrande, in “Contributi to S il Mechanics, (1925-1940),"’ —_ - 
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pee the upper limit from Eq. 5 is q’/K equals 0. 20 ‘whereas Eq. 1 gives 0/K 
_ equals 0.63, a value which is at least three times too large for this case. In 
q fact, the distance to the control, % must not be more than twice the depth, D, 
{ if the value | of g found by Eq. 1 is to | be consistently le less than the maximum | 
; possible as indicated by ‘Eq. 5. "Therefore, the distance from the spreading | 
ground to the control is an important variable to be taken into account. —— : 4 


sit will be noted from Eq. 5 that, , for some combinations of variables, ¢ the 


computed value of will exceed unity. This is physically impossible 
because the acceptance rate, q’, can never exceed K which is the rate correspond-— 


ing to downward percolation without hydrostatic pressure. apparent 


f (Eq. 


Value o' 


Fic. 17.—Comparison oF Eq. 1 For Rate wir Estmate BY Eq. 5 


inconsistency arises when the recharge mound cannot rise to the spreading 
- ground level but reaches its ultimate height some distance > below the spreading — 
ground, with the vater pereolating by g gravity y down to the top > of the 


; operations being conducted by the Los Angeles County Flood Control District — 
isa welcome contribution to the study of water conservation. Water 
servation | is a subject not only of vital importance to such semiarid regions as 

_ southern California but also of increasing importance to other parts of the 

United States. . The writer does not agree, however, that the importance of 

As shown by the isochlors in Fig. 4, at the time the injection was started 
aq the injection site was underlain by water having a chloride-ion concentration f 


Asst. Research Engr., Univ. of California, Berkeley, Calif. 
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approximately 90% that of sea water. Therefc re, it was feared that, if 


were used, the trapped se sea. a water | Ww ould cause trouble a as it ayes 


the intrusion or to obtain waivers from major water users exempting the State 
of California from responsibility for damage. ws waivers obtained. 

_ From the isochlors in Fig. 4 an estimate may be made of the total chloride © a 
content of the water which lay behind the injection-well site before injection 

_ by making a profile of the concentration versus the distance inland from the 
injection-well site” and spplying graphical integration. Based’ on 


existing behind the 4,000-ft- site is to be 20 
tons of C l- per ft of front or a total of 80,000 tons. This amount of C1-, by i a 
simple arithmetic, can contaminate 240,000 acre-ft of water to a concentration , 
s 250 ppm, which is a generally accepted maximum for domestic 4 
Of course, there is a large quantity of fresh water still remaining in the 

‘a part of the aquifer which might be available for dilution of the saline 

wave. From Fig. 3, the distance from the injection- -well site to the Inglew ood 

fault, the inland boundaty of the basin, is approximately 6 miles. Assuming i « 

that the aquifer thickens to 150 ft and continues to the fault, there are 150,000 b, 4 4 

-acre-ft of fresh water in the 4,000-ft-wide strip between the injection-well _ 
- site and the fault. The previously computed weight of chloride ¢ould con- 

9 bm _taminate this water to a concentration of approximately 400 ppm if it were 
uniformly distributed. All this 1 fresh water will not be available for dilution, 
however, because inland-water users may be expected to pump out as ‘much 
as possible before the saline wave arrives. 

; ___ Furthermore, it does not appear that the natural recharge will contribute _ 

sufficient fresh water to be significant in the diluting process. On the basis 
a its area relative to the basin, the strip behind the injection site should a J 
__ probably receive no more than 2,000 acre-ft per yr of new water from natural 

recharge. Artificial vedliarge the injection-well site is contributing a 
¥ similar quantity according to the data presented in the paper. HOMME 

— may still be hoped that the fresh water which overlies the saline water in _ 
the wa wave or is trapped in depressions along the bottom of the aquifer could © 
be recovered free of salt from partly penetrating wells. This is possible only 7 

_ under severe restrictions on the average pumping rate. For example, 

computation | based on experimental d data presented by I Mr -M uskat® will show 7 

the maximum drawdown at which a well penetrating the top 50% of the fresh- “a 

4 water zone of an aquifer can operate without “coning.’”’ Assuming that there is \ 

a layer of sea water lying at the bottom of a On aquifer, a drawdown of F y 
ey only 3.5 ft will induce the salt water to rise in a “cone” and enter the bottom 


of the well. Obviously this is a much smaller drawdown than is normally 


_ The past, present, and future status of sea-water intrusion in Manhattan i> 


=a Beach may be determined from Fig. 15. This series of photographs was taken © 


| 


Flow of Fluids Through Porous Media,” by M. Muskat, McGraw-Hill Book Co., 
New York, N. Y 1987, pp. 480-496. 
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of sea-water intrusion into a model constructed | at the University 


¢ 


long model represents a section the aquifer 8,000 ft 
the coast, the total time elapsed between the first and last frames represents = 
yr. The present situation (1956) would be similar to a frame following the | 
second frame on the right. The saline wave is shown moving inland with the __ 
_ fresh water from the injection wells at a rate corresponding to approximately — 
4 500 ft per yr in the prototype. The shift in the isochlors in Fig. 4 seems to 
indicate the same approximate rate; the ¥ wave tends to flatten and spread with _ 
7 the passage of; time. Little diffusion will occur across the salt water-fresh 
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slope. of the piesometric surface that there is little chance that salt water raed : 
= be held in depressions along the bottom of the aquiler . For example, a on * 
 piezometric surface slope of ft per mile corresponds, at equilibrium, to. 
i fa slope of 40 ft per mile in the opposite direction if the salt-water a 


Cuartes H. Lez,* M. ASCE. —A very interesting equation (Eq. 1) is 

a presented by the anther; to express the relationship between the average 
acceptance (infiltration) rate per unit of wetted area and the parameter, D/ a 

The writer agrees that the parameter is of economic importance but believes 

 & is also of physical significance. In order to illustrate this graphically, in 
‘Rig, 18 the full range of D/W for K = 1,000 gal per sq ft per 24 hr for a gradient 7 
The value of K is equivalent to a flow of 67.5 cu ft 


per se sec per acre for a gradient of unity. The resultant curve approaches 


width and more are in common use. Fora basin only 500 ft wide, the maximum 
_ value of D/W in actual practice would, therefore, seldom exceed unity and is 
_ usually much smaller. For D/W = 0.1, the value of g is 3.6 cu ft per § sec for a 

gradient of unity, as indicated i bogod od 
the model tests which the author has conducted to supplement his 
mathematical analysis, it is shown that the value of the parameter, D/W,in — 

_ the model? was 12.8 in./1.2 in. = 10.7. This extreme divergence in value of 

the parameter, D/W, _ between model and prototype raises the question of the 

a model and prototype. In the second phone 


iy of waterlogging the surrounding ground for D/W WwW < 1 than for D/ W =10 4 
=e the spreading basin i is adjacent to the stream channel, there i is also 


The author. states, the “Bffect of Mounds on on 
Channel Mounds,” that “‘* * * no significant return flow from the spreading basin 


¥ ar. to the stream channel Will occur as long as the gradient between the two is” 


= 
a 
4 
an 
| 
a 
i 
found in nature seldor 
. 
‘ 
| 
| 
| 
4 
— 


LEE ON GROUND WATER 


; This: statement suggests that : a slope of 5 horisontal: to 1 ver- a 
tical does not support this s suggestion by theory or test. The only 
‘positive statement the author has made in connection with the foregoing i is that 


“* * * to stop the flow from the spreading basin the water surface of the channel — 


ad - mound would have to rise to the same elevation as that in the spreading basin.” a 


4 


i ‘Fig. 2(b) is used to illustrate this statement. 4 In Fig. 19 a flow-net sketch is 


in the region of an assumed river levee. «Fig. is more detailed than 


of 


4 


Apceptance ram, in cubic feet per second per acre 


‘Fria. 18. BETWEEN D/W. AnD tn Eq. 1 ror K 000 GaL PER Sq Fr Per 24 


flow through the vertical : section, AA’, immediately behind the near river bank 


model tests for percolating flow under | levees and dams. 


in a slice 1 ft wide perpendicular to the bank, can be computed from | 


‘i assuming K equal t to 1,000 gal per sq ft per 24 hr, A sil andt as 6 ft/37 ft a 4 


x 24 X 60 X 37 
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_ The indicated loss must be assumed to be seepage into the river channel— 
Bie » Qa — Qe = 0.286 cu ft pers sec. This value is 87% of the percolating 
_ flow at the near bank of the river and would be greater for sections taken at a 
lesser angle to the river. This computation illustrates that, even for a gradient 
flatter than of from 5 to 1, the seepage into the river may be significant. — ~The 
-author’s optimism regarding the avoidance of ‘significant return flow from 
_ spreading basin to channel at gradients of from less than 5 to 1 would appear - 
_ unfounded ii in the case of actual field conditions. ait 
| he reason for the wide discrepancy between model and prototype (actual — 


is true without — =e Baumann, in the “Introduction” refers to the 


— 


Homogeneous 
permeable 


Stagnant 


Fig. 19.—Fiow Net or Spreapine J Apjacent To River 
ematical background he developed? in 1952 in w hich he did 
within what ranges his physical phenomena are valid For 


ex ample, in setting up boundary conditions for ey flow he stated that 7 


‘case in w hich seepage escapes from the bank of a ditch, river, or lake above 
_ the free water surface, or the existence of escape gradient. It also assumes > 
that the advancing margin of the mound has a feather edge rather thanablunt 


= = for all values of fin which 0 < La < ©. This disregards the 


“nose. The rapid initial rise of w rater, as ¢ often. observed in test holes lloning 


jnitial stream flow, would indicate a blunt nose. 
aaa Mr. ‘Baumann also stated in 1952 that y = f (x) at t = “, apparently a 


q assuming that the profile of the water table is a continuous linear function of the = 


distance from the spreading ground throughout its length at any and all times. 


This assumption is predicated on the transmitting material _being 


= for any value of ; 2; this is a condition never met with in nature. It — ap 


ASCE, Vol. 117, 1952, p PP. 1027, Eq. 4. 
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The: “fitting” of the “basic” observed in model tests with the 
: parabolic type of equation developed mathematically for the mound profile _ 
for steady flow does not justify the extension of such equations beyond i: 
2 specific limits of the model test. — Obviously the results of such tests’ + (a 
— only to the conditions established by the model. In the absence of a — 
variety: of conditions, which only a great number of tests made on many dif- 
ferent models would provide, there exists no foundation for ; generalization or 


for this condition to be attained for percolating flow soil, 
_ the soil stratum must be enclosed in sealed surfaces which, in a flow net, would 
be represented by flow lines rather than’ by equipotential lines. In practice, A 
this condition is fulfilled for a percolating stream in homogeneous unconfined _ _ 
- granular material by the free water table and the i > impervious stratum at the ; 
bottom, When such a flow is ; intercepted by an open ditch, river, or lake, ; 
_ however, the upper limiting surface changes from the water table to the stream — 
~ bank and bed. | The stream bank and bed then become an equipotential line, ; 
hae changing” the ai analog to heat transference | through a a radiating prismatic . 


“relating to the percolating stream. Recognition of this condition is an aid i in Se 


understanding why a substantial part of the percolating water seeps into the 
stream channel instead of moving across the channel. 
BAUMANN, 36 M. ASCE —Eq. 1 was correctly evaluated by 1 Mr. Lee, 
although it would have been preferable to express the acceptance rate in cubic: 


of which are rarely constant, may be divided up into as many strips are as | 
_-‘Tequired reasonably to: reflect the effect of the variable widthe on the total: an 


In constructing the flow net (Fig. 19) Mr. Lee was apparently influenced 


by the textbook example of percolation from a reservoir for a unit length of 
a floating dam of infinite length on a saturated , porous foundation with the , 
less-featured case of flow from a spreading ground under a river levee. How- 
ever, the two cases are fundamentally different. The percolation flow from . 
saturated stream channel is approximately at right angles to the channel— 
that is, in the direction of both residual pore storage and a control as shown in i 
& Fig. 2(a). In the longitudinal direction of the saturated stream channel there 7 


is no residual p pore storage, no control, ‘and therefore no escape for additional a 
subsurface flow. Therefore, in the absence of lateral escape, all 


also omits consideration of discontinuity as a result of an intervening horizontal 
|= water surface in an open ditch or a river. Such condition is of common | ee es 
Wir, DaUMAaAnn notes that his Dasic equation [or unsteady Tow has its analog 
ar 
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tion a levee from an not rise as as long 


as there is an escape by means of residual pore storage and a control. How- . 


ever, return flow to the river from the spreading ground may occur depending — i 
on the gradient between the water surfaces of the spreading basin and the © 
f flow net shown in Fig. 19 does not consistently satisfy the basic re- 
quirements, which are (a) the vi vertical drop, Ah, between the equipotentials 
ms _ along any phreatic line must be constant; (b) the flow, Ag, through each of the . 4 
4 


‘ane flow paths must be constant; (c) the flow, Aq, must be equal | for all the flow 
paths; and (d) the streamlines and equipotential lines must form approximate 
squares between themselves except near the | boundaries where distortion is 
Rig. 20 shows a balanced-flow net for an extreme condition similar to that 
chosen by Mr. Lee. The gradient between basin and stream-channel water, 
_ surfaces used in Fig. 20 is 2 horizontal to 1 vertical, as compared to the 5 ie 
moe to 1 vertical gradient : referred to by the writer as the limiting value 
_ for insignificant return flow to the stream channel. By assuming a number of ae 
_ phreatic lines through the levee it was possible to find the one for which the — 


surface 


carly of flow Impervious wen, Lines of equipotentia . 


‘Fie. 20.—FLow Ner oF NED SPREADING GrounpD CHANNEL Mounp 
return flow is a maximum. fi The return flow was found to be 7. 5% of the total — 

- flow of percolation from the spreading basin toward the stream channel. 
Hence, for a gradient of 5 to 1, the return flow would indeed be insignificant. e 
In deriving the return flow to the stream channel, Mr. Lee has computed the 

SS through the two vertical sections on the premise that the respective a 
_ gradients are equal to the difference in water-surface elevation divided by the 
horizontal distance — to the section. - This method assumes horizontal flow 

4 throughout the entire reach i in eonerdianon: with the Dupuit theorem. In the 

it was stated that Ro! the rate of flow is on vertical 


special cases” 
Setecseiidies under the. heading, ‘ f “Strip Basin: The Growing Mound” it was 
stated that “it is apparent that the Dupuit theorem 7 applicable with fair ap- 
proximation except near the spreading basin and nea 
points the flow conditions ¢ cannot be ascertained a ome net. ait The 
total flow computed from the flow net. checks that determined from Eq. 1 
ith 15%, which is a close check considering the extremity of the example. — 
the water year, 1940-1941 (October 1 to September 30), the rainfall 
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_ BAUMANN ON GROUND WATER 
by the spring of 1941, recharge of ground-water | basins by means of pubiclilllins a 
stream channels and spreading grounds: caused mounds to rise to the 
or in the ‘‘forebay” of the central coastal basin. Fig. 21 shows the ground- — 
water contours and ground-surface contours in the vicinity of the San Gabriel ‘a ; 
and the Rio Hondo spreading grounds of the Los Angeles County Flood Control — 
District as of May 6, 1941. These spreading grounds are located in the forebay, on Be 
and, at stream channels, the ground-surface contours show average elevations - 
between banks. Low-water channel beds would be from 2 ft to 3 ft lower. m 
The merging of the mound beneath the San Gabriel spreading grounds with the => 
_ channel mound i is of special interest because of the fact that the percolation _ — 
4 flow east of the San Gabriel : stream « channel was more restricted than the : 
flow west of the Rio Hondo channel. _ Throughout this period there was no 
{ evidenes of rising water in the saturated San Gabriel stream channel adjacent | 
4 to the levee separating it from the spreading grounds, although \ the gradient — 
from the spreading mound toward the stream channel is conspicuous in Fig. 21. Re 


9) 


Rio Hondo River and 
spreading grounds 


~.San Gabriel River and 
grounds 


ab is no slthiaies of blocking by the channel mound. of percolation from z 
_ the spreading grounds. Another interesting feature is the curvature of the © 
streamline trajectories normal t to the ground- water contours in connection 
with the channel-flow net. A typical “trajectory, is indicated by a dashed 
a ‘Mr. Lee questions the similarity between the model-t test results and those — = 
fa prototype : as expressed by Eq. 1. iy’ The m nodel test, which was relatively ; 
free from capillary flow,” showed a maximum discharge parameter, = 0.097, 
_ whereas Eq. 1 for W = 2.4 in. (not 1.2i in. as used by Mr. Lee) and D D= 12i in. 
gives q/K = 0.092, a difference of 54%. die, 
Mr. Brooks undertakes to correlage the evaluation of Eq. 1 and Eq. 5 for a 


“Ground-Water Movement Controlled Spreadin 
ASCE, Vol. 117, 0 
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BAUMANN ON GROUND WATER 
4 D/W, ‘Mr. Brooks apparently o overlooked the fact that the ‘depth, D, in his 
ingeniously conceived Fig. 17 can never be equal to D in Fig. 2(a). As pre- 
a viously ‘show n** the phreatic line between the spreading ground and the aon 
ean be approximated by a double parabola. The depth, D, in Fig. 17 can 
= therefore be considered as the depth below the point, P, of bonttaéxure, 
7 Therefore, D and L in Fig. 17 should be changed to d andl. Mr. Brooks’ 
for arbitrary values W =2, L/D= 10, and the apparent = 
- diserepancy between the results based on Eq. 1 and on the basic parabola are 3 
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therefore incompatible with the condition sy potential flow. between the 
_ spreading ground and the control because the ratio, q/K, must be common to 
_ both the spreading ground and the lower basic parabola. Eq. 1 was developed _ 
from flow nets which necessarily terminated in basic parabolas and attendant — 
controls. Hence, all corresponding values are found as the intersection of — 
the (I/d)-lines with the (1 — e -curve in Fig. 22. Iti is interesting to note 
that the line for l/d = 3/4 becomes tangent to the (l -curve as q/K 


= approaches zero. In developing e~4” into a series it also follows that, as d/W ia 


“Ground-Water Movement Controlled Through Spreading,” by Paul > 
ASCE, Vol. 117, 1952, pp. 1042-1045, 
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BAUMANN ON GROUND WATER 


(q/K)-ratio checks the “(d/W)- ratio if the latter i is less than 0. 
tt designing a @ spreading ground it is necessary to ascertain the ec economic a 
- limitations. Ordinarily, the depth D = 2d to the impervious stratum is 
known, Therefore, by Eq. 1 and Eq. 5, corresponding values of q/K and W 

the case mentioned by Mr. is, D ~ 100 ft—it follows from 
‘Fig. 23 that, for for D/W = 0.1 0.10 and, therefore, W ~ 1,000 ft, the infiltration we 
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5 Because Fig. 22 and Fig. 23 are correlated, the absolute value of / (half 
the distance between the edge of the ‘spreading ground or stream channel and 

_ the control) may be ascertained from Fig. 22. As Mr. Brooks points out, the ie - 4 


distance, 2 from the spreading (Ground tc to the control i is an tant 


he considered the distance, 21, fixed and, corr ectly, the rate of flow 
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be expected where recharge through spreading is performed. Coordination 
> two operations should include the locating of water wells as closely as 
possible to the theoretical However, as previously cited and indicated 
in Fig. 21, the curvature in the plan of the flow paths—that is, the approach 
to three-dimensional flow—makes unnecessary the precise location of the control 


on strictly two-dimensional flow and thereby provides considerable 
flexibility for the distance, 21, in that, theoretically, this distance may be “a 
“i (Fig. 1). Prototype ground-water movement, contrary to | that in models, 
is seldom strictly two dimensional but can, within limits, be ‘approximated > a 
such. | Pumping in the spreading area itself, although it is effective in in- 
filtration, may not be desirable because of a short path of percolation an and 
possible contamination, especially i in shallow ground- water basins. 


a Spreading ground in operation 
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24.—Fitow Net or CHANNEL AND ‘Grounp 


a8 questioned by Mr. Teosks,: is not intended as a pounce If it were the 
equipotential lines would not extend across it. _ Hence, flow occurs along the 
vertical division line and the dashed line indicates the effective limit of the oF 
flow, Aq, in the flow path next to the boundary. Of course, the effective 7 
limit of flow could be ‘modified advantage, as shown in Fig. 24. This 
- figure shows the symmetrical flow net for the free-water surface of stream __ 
channel and d spreading ground lat t the same potential. pau 
Mr. Knapp has found a flaw in the deliberations in connection with 1 Fig. 5 
a that they indicated ultimate conditions when, in fact, they were just “prior a 
— te ultimate. ” Mr . Knapp’s reference to interface slopes under the influence — 
of pumping is of particular significance. As indicated by Fig. 3, the drawdown > n 
gradients adjacent to the test site are one-half of 1%. Hence, in using the . 
40-to-1 rat ratio, as suggested | by Mr. the slope of the the interface would be 
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This phenomenon is somewhat startling at first glance. 
= water spread along the bottom of an n aquifer is is normally sucked into wells. ' 
at more moderate rates than fresh water because the lowest well perforations 
are at a distance above the bottom of the aquifer requiring the interface to — 
“assume its maximum slope in rising to the well. he 

| This clearly shows the difference between the saline wave and sea-water 
intrusion questioned by Messrs. Hotes and Harder. During the passing of 5 
_ the saline wave the lowest. perforations of affected wells may be temporarily - 
blocked whereas no measure of protection will save a well from abandonment — 
_ if sea-water intrusion is permitted to continue unchecked. Also, those wells 7 
_ adversely - affected by the saline wave might be temporarily used to extract 
water cut off from the ocean by the barrier. 
The writer had occasion to observe the ingeniously conceived mode, 
_ shown in Fig. 11, at the University of California. _ This model simulated all 


probable prototype conditions and evaluated results quantitatively within 


reasonable limits of accuracy. As in all cases of ground-water studies, the 
q _ time scale would have to be used on the assumption of the homogeneity of f the 
aquifer as well as the uniformity in magnitude. 
Eq. 2, which was developed by Mr. Harder and which is an adaptation of an a 
_ example of flow through an earth prism analyzed by Mr. Muskat, is based on 
the | a sumption of a , constant potential | or equipotential along a vertical line ¥ 
¥ through the injection well, a constant potential of equal magnitude along the 
horizontal sole, and a variable potential along the vertical line through 
seaward ‘control. Hence, the fresh- water fi flow passes through the control 
_ between the bottom of the clay | cap and the sole of the aquifer with no flow 
along the latter. The same result obtained by Mr. Harder can be obtained 
- by applying the Dupuit theorem to flow between the e clay ¢ cap and the ‘interface. 7 
_ The shape of the interface is such that balanced pressure between fresh water 
and sea water exists at all points. Its shape is expressed Se 
=M+- 
(s — 


i in which, as shown i in Fig. 25, 2 ii is the ordinate of of interface above the z-axis; 
MM, the magnitude of the aquifer; z, the abscissa relative to the center of the — 
recharge well; s, the specific gravity of sea water; and 1, the specific gravity ¢ of 7 
‘4 fresh water. For any stable condition of the interface, the rate of flow, % 
must be constant and a maximum. Hence, because the radical i in Eq. 7must 
the two terms under the radical for must be Thus, 
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constant. Hence, as q incresses, L proportionately and vice 

versa, as shown i in Fig. 13. vis From Eq. 7 it follows that for any stable condition | = 
of the interface and, therefore, any corresponding - product, q L, the height, 2, 
of the interface at the control is equal to M. Because this would leave no “et 
aperture for the discharge of fresh water, it is evident that Eq. 7 based on the 7 

Dupuit theorem is an approximation of the true solution. To z= 


and thatforz = _L, the slope for any corresponding g-values and L-values is: 90°, 
" This answer again reflects the aforementioned approximation, and it apeean. a 
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arty Fic. 25,—Section Tarovucn Pressure Aqu IFER at 


it if one remembers Mr. 8 40-to-1 1 ratio between the 
_ water gradient and the slope of the interface. — In accordance with this ratio, 
any fresh-water gradient in excess | of 23° would need a s slope. of the interface y 
at the control of 90° which, of course, cannot be exceede 
If the interface were | treated as an inverted, basic parabola and if the — "an 
boundary condition, z = =M- .q/K at z= ‘were. to ‘bring the 
Dupsit solution in accord with the Kozeny solution,” 
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and expanding the radical into a binomial results i in q a 


= from ¥ which it follows that for any finite discharge face the rate of flow, g, must 3 
be smaller than in accordance with Eq. 2. Hence, the latter equation should — 
be. corrected to bo read bluov toliups 0 oumasig (1) 


the ratio, M/L, increases. 4 
_ oa Obviously, if fresh water from the recharge well were discharged from: a 
jedan level, h feet above mean sea level at the recharge well, into a fresh- 
water lake with the water surface at mean sea level and if the interface were = 
fixed, yo at the control would be close to zero and the pressure gradient ~ 


piezometric line would be as indicated in Fig. 25. If it were possible suddenly 
q to convert the back pressure due to fresh water to that due to si sea water, -— 


itself and would cause Water to exceed sea- pressure 
at the interface where the two pressures would be balanced. 


_ The foregoing focuses of “blow out” at the control, which 


if ae the salt-water wedge the control. urthermore this danger i is greatest 
ant at locations subject. to large tidal ranges. extreme 
tidal range along the coast of Calforniaiis moderate. 
It is possible that offset in the model, shown in Fig. 11, between the back — 
- of the sea-water weir box and the control face caused the trapping of air split 
- out of the fresh water and that the g-measurements were thereby affected to — 
some extent. The determination of the equipotential lines and the flow 
between the interface and the clay of the model would 
interesting and would merit additional research, dout w ew 
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— ror rds. 11 and 12, it is encouraging to 
gig dary conditions, L = 0 therefore q = and L- 
is f the same order as that quantity obtained 
0, are satisfied. Also, is o 
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The ater through the control* to the ocean could be 
ee readily understood if the interface, as a basic parabola, were extended — } 
* as to terminate at the horizontal discharge face, ¢/2 K, in width and flush - 
with the bottom of the clay cap. The discharge of fresh water would then be 
ie upward and would satisfy the ‘Physical premise of the buoyancy — 
fresh water relative to sea water. od? vend jul 
. _ The stages shown in Fig. 14,  especia ally those pertaining to high injection _ 
= Roa py are interesting. It must be assumed that the condition, as shown at the 


bottom of the photographs on the right, would closely represent the ultimate as oe 


condition of the sea-water wedge cut off by the barrier. 
Harder computes the contamination of 240,000 acre-ft of water to a 
ug concentration of 250 ppm of chloride ions (Cl~) because of dilution of ek 


29 part of the sea-water wedge which had intruded landward from the injection 


wells. If sea water intruding a fresh-water aquifer mixed with fresh water | AR 
oe as readily as Mr. Harder assumes, the correction of sea-water intrusion would ee 
a ss Ske indeed be nearly hopeless unless it were > always possible to locate the injection a 
wells landward from the extreme tip of a saline wedge, as suggested by Messrs. 
Hotes and Harder. At Manhattan Beach this procedure was carefully 
considered but had to be abandoned because of three principal features: 
ng! (1) The landward pressure gradient of the aquifer would have made it necessary 
; eee to create a barrier above mean sea level of approximately twice the height of i: 
Ss es that at the final location of the barrier; (2) the right of way necessary for the ; 
barrier, including pipelines, pressure regulators, and chlorinators, would have 
aS been far too expensive to be justified for experimental operation ; and (3) facili- 15 a 
——- for the disposal of water that was produced during the development of the ‘em al 
recharge wells were completely lacking. However, the writer maintains that vg 
the effect of the saline wave, under conditions similar to those at Manhatten — a 
Beach, is negligible compared t to that of thes sea-water intrusion. Iti is 


than i is herein indionted.. ‘Mr. Hotes overlooked the 
hte, of Fig. 6 which shows more graphically than Fig. 4 what happened when the — 
‘ee cut-off sea-water wedge was forced landward by the barrier wells. For 
es ee it shows that the salinity in well G8, 1,180 ft from | the line of recharge ee 
wells, dropped from about 5,000 ppm of Cl-— concentration to approximately 
1,000 16 ‘months of barrier operation. Since October, 1955, this 
a particular well has been immersed in fresh water of less than 250 ppm of Cl-. : 
_ Prior to the recharge test, sea water displaced fresh water Shroughout the P er 
sg entire depth of the aquifer a at a rate of approximately 5 500 ft per yr. _ Since the oe 
test was started (38 months as of 1956) unadulterated sea water would have 
intended well G8 and would have advanced some 400 ft beyond 
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which had intruded into 4 4 shallow aquifer for a considerable distance 
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ond which haid i completely Ly dinjlabed the fresh water, ‘could not be 
} 


checked by means of injection wells without seriously affecting g adjacent inland 5 
_ wells by displacing the landward part of the saline wedge. Ontheotherhand, _ 
< andere conditions similar to those at Manhattan Beach, wells close to the barrier 
would also be close to the ocean and, therefore, would be subject to permanent q 


value to the | paper. 
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The developmait of theoretical well hydraulics and certain aspects of the 


a siderable information is available regarding the hydraulics of well components. a 
and | hydrodynamic details existing near the well. Much 1 research is needed, = 
S4 however, for a better understanding of the hy -drody: namic conditions near and : 


As through the well and for relating sus such i information tous natural geologic conditions Ey 


wel Ground eee is used extensively not only for irrigation in the western i 
United States and in other arid and semiarid regions, but throughout the world 
for | domestic and industrial purposes. . The basis for the development of this 


a resource is a long history of practical experience and relatively recent develop- 


The study of well hydraulics is a fascinating subject and has occupied the | 


attention of many investigators. Like many engineering 


at least some of the following which are not usually fully 
The ground-water r regime affecting an aquifer re 
2. The permeability is uniform and isotropic throughout the formation. i 
8. The porosity and thic kness of the formation is uniform. 
4, The well panstyetes f ond the hydraulic head i is the same at all 


Only laminar flow in the region affected by the 
oT . The region from which the well draws is infinite i in extent. pin 


the necessity for introducing some of these 
_ progress has been achieved by students of theoretical well hydraulics. Useful — 

tools 3 for taking into account ‘Specific deviations of natural conditions fron from the 
assumed idealized conditions have also been devised in many cases. . W ell 


hydraulics has contributed much toward a better and more economic develop- 


a ___ Norsg.—Published, essentially as printed here, in June, 1955, as Proceedings-Separate No. 708. 
a 7 tions and titles given are those in effect when the paper was approved for publication in Transactions. 


Poet. ond Head, Civ. Dept., Colorado Agri. and Mech. College, Fort 
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often have to be made represent onlv lit J 
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Equilibrium Case.—J. Dupuit? i is credited with first combining Darcy’s law 
of laminar flow through sands and gravels with the statement of continuity in 
order to derive an equation for well discharge. ~ For this equation there were 


@ assumed complete axial symmetry and steady flow through an infinitely « ex- 


tending aquifer ; the effects of curvilinear motion were ignored. The e equation B 


LJ mre? 


in which Q is the discharge; K denotes the permesbility or, more properly, the Sar 
— hydraulic conductivity; and h; and hz are the elevations of the water surface aoe 
~ above a level, impermeable bed bounding the lower side of the aquifer at radial 
‘distances, 11 and re (Fig. All quantities in Eq. 1 must be expressed in com-— 
units or conversion constants must be introduced. 


Elevation of water surface 
faniage i wohwerb 


wees 


74 


song How pdt jo od! ot egiber od? bie 
Eq. . 1 implies a well discharging from a water-table condition. | However, 


all the common steady-flow formulas for fully penetrating wells stem from the 


Dupuit ‘concept and may readily be deduced by. algebraic manipulation of 


- - — hi) (he + hy) = = — 82) (2 m). 2) 


‘in which : 8) and 82 are the drawdowns from the original water table or p iez0- 


metric surface and m is the average thickness of the water-transmitting fortna- = 
tion. Direct substitution of ‘Eq. 2 into Eq. 


ts 


on” - Etudes théoriques | et practiques sur le mouvement des deren,” * by J. Deo, Dunod, Paris, 
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3 may also be used to describe a a discharging from an artesian aquifer 


‘acterising an n aquifer. Making this substitution into Eq. 3 a 


Qi in gallons per minute; length units are in feet. Introducing the necessary 
unit conversion into Eq. 4 yields iA, has; vite 


procedure i 


_ drawdown against log r; then the quantity, 


— 


_ The term, T, is Q and inv versely 


527.7 


 -T., and rf; becomes the radius to toa point where the functioning of the well does tod 


not disturb the existing piezometric surface, originally assumed as level. This’ 


aq . > latter distance is ordinarily termed the radius of influence. Obviously a well 4 
a 


in equilibrium cannot exist in a finite, level, piezometric 1 field, The concept of a 


nie of influence accordingly implies ‘equilibrium between the flow discharged a 
i " = the well and the flow replenished by nature to the region influenced by the 
well. The radius of influence is simply a length parameter describing the size 
of the influence region ina naturally replenishing field... cal 
Orson W. Israelsen, M. ASCE, Vaughn E. Hansen, we M. ASCE, aan the 
writer, in 1950, postulated’ a general functional relationship | for steady-state 


wells expressed in the dimensionless form, 


— 
of Wells,” by Dean F. Orson W. Israelsen, and Vaughn E. Hansen, Bulletin 
861, aeaammened Utah Agri Experiment Station, Logan, Utah, 1950, Pp. 21-29. 


_ Common practice of nsmussibiity term, 7, to kgs. 1 
ISGS). i i rans — 
. _ the Interior (USGS), is to introduce the a. 
fir 
> Im ner dav ner tant any, 
| 
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S well as in water-supply work; these = 
or Gam foundations and land drainage as we ¥ ice is to 
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GROUND WATER: 


expressions for natural ‘seepage flow Int by the 
region of a well. Eliminating the radius of influence by substituting these ex- — 
pressions into the well- -discharge equations (Eqs. 1 and nd 3), approximate func- 
tional relationships | were obtained for fully penetrating ng wells in both artesian 
and unconfined aquifers having natural piezometric slopes, i,, and for a well in an 


unconfined aquifer replenished vertically at a uniform rate. For the 


fined case, case, this procedure reultsin 


“3 in which he is is the original height of of the water | ‘surface above the ne impermeable 1 
and i, is the natural slope | of the water r table. For the confined « case, 


aE 


fo Replenishment factor, - 

g 


G. WELL IN Srerem 


the case of a well in an Gheonfined replenished both by 


«Seepage at the uniform rate, q (volume per unit area per unit ¢ of time), and by p 


horizontal « seepage into the influence zone, a , procedure. embracing similar ¢ as- 


sumptions to those used in deriving Eq. 1 resultsin — 
or ys odd gi don wie £1 NOS AN. 
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‘ In Eq. 12, nis s the proportion of total discharge, Q, originating by v demi 


plenishment and rei is the radius of influence. 
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Re. 4. REPLENISHED AND Unconrinep Grounp Water For 
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wells expr expree ania «REPLENISHMENT Factors Ranoine From 10- Fo 10 ene 


oC Eqs. 10, 11, , and 13 are not in the identical symbolic form of Eq. 9. How 
a ever, m and D may be defined in terms of h, and hy for of aa 13; Ti is rep- 
resented by in in 11 and in Eq.9. 
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‘fermannais of wells for the limiting case w when the discharge i is in equilibrium with | 


fnateaos bas 
which e aperian b base. Eq. 14i is ir teresting because that 


ub PMS ne lo sens 


is the resulting flow syste em a ‘aquifer 
drained by a well of radius, ry, will be geometrically similar to that of a Dupuit 
drained by a well of radius, r’». Eq. 14 is to the same theoret-— 


we 


Replenishmen 
CALLY REPLENISHED AND UNconFINeD Grounp-Water ‘LOW FOR: 

_ ical approximations as Eq. 1 and, in addition, to the difficulty that the phreatic 
_ surface is not actually a streamline as for the Dupuit case. In spite of these 


approximations, Eqs. 13 and 14 are believed to be useful in the design of relief 


drainage systems using pumped wells. _ For such. systems the average vertical — a 
_ replenishment is apt to be uniformly distributed over the influence area. a 
N onequilibrium Case. —In 1935, Theis, utilizing mathematical methods 


rium condition is limiting case than the rule in well hydraulics, this 
advance has led to | a much greater understanding of well performance and to 
> improved well engineering. — _ This case takes into account the water drawn from | 
_ storage in the aquifer as the result of unwatering in the water-table case, aul 


¥ wis “The Relation a Between the Lowering of the ‘Plesometric | Surface and the Rate and Duration of Dis- 
charge of a Well Using Ground-Water Storage,”” by C. V. Theis, Transactions, Am. Geophysical Union, 7 
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volume changes’ with in pressure under pumping in mithe 
- artesian case. An additional aquifer characteristic, the storage coefficient, S, 
was introduced by Mr. Theis. — ‘This coefficient, in common units, equals: the 


y volume of water released in 1 | sq ft of ame telbutery | to the well because of : a 
unit decrease in mend. For wetie-table becomes 


Specific yield. * 


wh 


‘This is termed ‘the exponential tables of its values have 
been en published. It has also been termed the well function, W (u), in which 


< 
2 
pa 
= 
>= 
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Curves 
aoe u, is the lower limit and is equal to r? §/4 T t, and tis time. — Fig. 6 shows — 
as a function of u. For constant discharge, u is proportional to r?/t and 
sis proportional to W(u). By plotting observed values of s versus r?/t to the ; 
‘same scale, ‘respectively, as W(u) and u, one obtains a curve similar to that i in ; 
_ Fig. 6. This may be matched with the curve in Fig. 6 and a — match 
‘point chosen for which values of u, (Wu), 8, and r*/t may be noted 


sere 


one may these specific values to solve for T and for the formation. 
oe _ The exponential integral may be expressed by an infinite series. For i 


= 
“Smithsonian Physical Tables, Institution, D. D. 8th , 1933, Table 32. 
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GROUND WATER 


values of u only the first two terms are significant ond 4 
ry 


W (u) 0.577 


Substituting Eq. 19 into’ Eq. 17 ‘yields q 


* Taking into account ; the value of u from. Eq. 18 for a well at a particular — af. 


radial distance, one can demonstrate from Eq. 20that of in 


J be 

respectively. 


In using Eqs. 21 and 22, s may be plotted against log ¢ until the points fall 


solve Eq. 22 for T (Fig. 2. By extending the straight line re a value of t, when if 


drawdown is zero, one may combine Eqs. 18 and 19to give 
: The wo work of Mr. Theis i is based on a boundary condition of constant discharge. _ “i 
In 1952, C. E. Jacob and Stanley W. Lohman published® a solution for the case 
= ‘unsteady flow to a well at constant drawdown which resulted — 


ie 


and G(a) is an irregular integral which has been evaluated by numerical — 


m methods. 6 For ‘large values ¢ of a, G(a) was found t to » approach 2/W (ha). ' The 
E ‘solution of Messrs. Jacob and Lohman i is particularly applicable in analyzing 


‘The nonequilibrium formula may be applied to wells drawing from water-— 


Pi table conditions if pr proper correction is made to allow for the decrease i in effective Pe 


_ thickness owing to lowering of the water table. Mr. Jacob has shown’ that | a a 
- correction of s?/2 m should be subtracted from the numerical values of observed 7 
& §“Non aateady Flow to a Well of Constant Deawdewsa i in an Extensive Aquifer,” "by C. E. Jacob b and 
W. Kohman, Transactions, Am. Geophysical Union, Vol. 33, 1952, p. 559. 


1“Notes on Determining Permeability by Water wats Con 
Jacob, Jamaica, N. Y., June, 1944 
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Since 1930, the nonequilibrium formula hes ‘Seen widely used with a. 
- results. Even where an equilibrium state may be possible, at the beginning of _ 
_ pumping the condition is always one of nonequilibrium. As time increases and _ 


the cone of influence becomes larger, the the near oe: well 
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past 


mort Fic. 7.—Drawpown As Asa ‘Function or Tme afT 4 


_ more closely resembles an equilibrium state because p roportionately | less of the 


q 


through that part of the region comes from Whether approximate 


equilibrium may occur eventually depends on the natural hydrology of the < 


A Operation « of a depletes underground storage. ‘Actually this  imereases 


>. _| 3 at sk 
—— 

— 2 


: for ‘continuous production, the management of a system of wells 
should be such as to deplete underground storage over the period of a soy al 


—eycle in quantity equal to the available recharge. Continual pumping in 
excess of this amount will lead to eventual complete depletion; pumping less — 7 


* than this quantity means some of the available recharge waters will be lost 


_ on By using the common 1 mathematical device of assuming a. set of i images s of 
‘the real condition, well hydraulics may take into account the effect of finite 
geologic boundaries deviating from the ideal assumed in deriving the various 


formulas. This may be illustrated by an example of an aquifer bounded by an — 
7 impermeable boundary or aquiclude as shown in Fig. 8. If it is assumed that 
the  aquiclude i is approximately ‘represented by the vertical plane, AB, no flow 
occurs through this plane. A set of images which makes this a ‘pls of sym- 


— 
Aquictude 
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‘metry \ will p rovide a zero hydraulic gradient at the required boundary. _The- 
real iow will be the | sum of the drawdowns for the real and the i image a 
wells in an infinite aquifer. In the event of two parallel boundaries, two planes 
of ‘symmetry are nec essary and may be achieved — only by postulating an 7 
infinite set of images. The actual correction need be made only for the nearest 7 
few of the images, the number depending on the degree of accuracy desired. _ 
oe the case involving a source of recharge at constant head, a symmetrical, 


but ne negative, set of it images will the necessary beundaxy condition. 


ane beret ost 


of water through an aquifer under an by a 
- well has been treated in this paper. _ The water must also be transferred through — 


screen and casing or pump column to the point of discharge. Under some 


the energy expended in moving the 
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understanding of hydraulic principles involved in this mechanism 8 
to improved wellengineering, al dome ad hivoda 
13 Specific Capacity. —Engineers have designated the ratio of discharge to 
— draw vdown ; as specific capacity. If the hydraulic head losses through the screen 
y = casing were zero and the time effect of storage depletion were ignored, the 
_ discharge of an ideal artesian well could be expected to be directly tee 
to the drawdown. _ This would lead to a constant value of -- Specific capacity 
corresponding to all values of discharge of an artesian well—a condition usually 
For wells in unconfined aquifers, an increase in drawdown at the 


4 ing | energy losses at the w well, the specific ca capacity | - would decnanan with discharge 


far 042d baindeulli od vam vidT 
salt The hydraulic losses through t the well cause further nonlinearity of the rela- — i 
4 tionship | of discharge to drawdown. . As mentioned* by. Mr. Jacob, flow through | aa a 


_ the screen and casing usually occurs in the turbulent regime, and the Lendl 


in which B and C are constants. ~ 
ae, Eq. 26 can be evaluated approximately by test pumping at two different. 
and Q:, and by measuring the respective values, s, and 

stitution of the two pairs of values successively into Eq. 26 provides simultane- Bi I 
ous equations for solving for Band C. The difficulty this procedure 
that it is based on the assumption of steady flow and does not take into account = 
the effect of the depletion of storage with time. Mr. Jacob has outlined® a 
multiple-step drawdown test and procedure which provides a solution for the 
constants, Band C, and, at the same time, furnishes information leading to the 
determination of the effective radiusofa well 


_— Effective R Radius.— —The effective radius of a well as itisu used in the formulas a 


= . for flow may y not be the same as the radius of the screen or hole, e, especially for 


_ wells in uncemented sediments. — Development of the well or use of gravel en- “? 
increases the permeability of the formation immediately surrounding 


the casing. _ This effect As the same as increasing the radius. Died effective 
radius is defined® by Mr. Jacob as ute 


rt eags distance, measured radially from the axis of the well, at ini 


equals the actual drawdown just outside the screen * * * al 


a... _ Mr. Jacob also gives* a procedure for for determining tt this quantity using the results — 


an Seepage Face. —For wells in unconfined aquifers, the  Dupuit formula implies a | 


- that the water surface outside the well intersects the water level in the well at 


Drawdown Test ¢ to Determine fective Radius of Artesian Well,” by C. Transactions 
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the c casing (Fig. 1) . Even for a a hydrodynamically perfect well this cannot be 
the : case—a finite seepage face always exists between the water level in the well M, 
and the water surface outside. Mr. Hansen i in 1949 im el the relationship, _— 


- for a well i in an unconfined aquifer bounded by a level impermeable stratum at 

~ the bottom. In Eq. 27, hy is the elevation of the water level in the well and h, 

is tho parsenpending elevation outside, both measured from the impermeable 
stratum. Using the experimental data available at that time, Mr. Hansen ws was 
_ able to propose curves graphing the functional relationship of Eq. 27. Addi- 
ti tional information has since been made available able by 1 relaxation a 


ad 


: of ‘Shih Te Yang and analogy invéatigationst which h make possible presentation 
y of Fig. 9. bs ‘Fig. 9a also shows values of his/Te corresponding to the v values of the 
other parameters i in which hiss is the height of the water ‘Yeyel at a distance ~~ 


‘in 1954 correlated very well with the curves of Fig. 9. ru Results of this test gave 


Q/K = 30.5, hy/te = 17.8, he/te = 13.9, and his/te = 27.1. The results 
of t this test appear as point Ain Fig.9. 


approach velocity i in the neighborhood of an -equipotential well is not 
constant as shown in Fig. 10, which is a flow pattern observed by C. H. Zee. 
‘ At the top of the seepage surface the approach velocity is K. Theoretically 


ae 1 “Evaluation of Unconfined Flow to Diuiiiale Wells by the Membrane Analogy,” by Vaughn E. Han 
«T° thesia presented to the State University of at | lowa City, i in 1949, in of the Te 
re quirements for the degree of Doctor of Philosophy. * 
“Beepage Toward a Well by the Relaxation Method,” Shih Te Yang, thesis to 
_ Harvard University, at Cambridge, Mass., in 1949, in partial fulfilment of the requirements for the degree B. 
Doctor of Philosophy. 


val 18 “Flow into a Well byE Electric and Membrane Analogy,” by Chong-Hung Zee, Dean F. Peterson, 
Robert O. Bock, ASCE, Vol. 122, 1957. 
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i? — point, at the elevation of the water level in the well, this Apert + 
oretically becomes infinite but, practically, turbulent flow probably occurs. 
Below the singular point the velocity rapidly decreases to an almost constant — 


value. ‘Fig. 10 also shows the relationship between Dupuit’s curve and the | 


Well Screens Frequently a large part of the energy imparted through a well 
7 " is expended i in transferring the water through the screen and pump. | For this 
: as attention should be given to the hydraulic performance of the well strue- -— 
a ture. W hereas considerable progress has been made, collection of data, especi- — 
ally in the field, is difficult because of rapidly changing flow conditions near the 

well. _ Laboratory experiments which simulate field conditions are expensive 

and arduous. Nevertheless, more attention should be given to this 

aspect of the of well hydraulics, 
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7s An important part of the well structure i is the screen. — Screens of some | kind 
are alwa ays required except in cemented sediments. The screens n may range 
+4 from rough, haphazard, perforations in a steel casing | to carefully designed and — 
manufactured screens of specially selected material. function of a screen 
is to exclude the natural sediments but to allow the greatest possible flow of ‘a 
7 water into the well. The factor of longevity influences the choice of screen. 
_ The hydraulig¢ performance of well screens has been ably treated." Water 
enters the interior of a screen in the form of radial jets at relatively high veloci- 
ties. "The energy of these jets is ‘dissipated, and the flow is ; accelerated i in a 


in) w hich Ahis is the head Joss involved i in screen, V is the final aver- 


__. “Effect of Well Screens on Flow into Wells,” a3.” Jack 8. Petersen, Carl Rohwer, and Maurice L. 


Albertson, ‘Transactions, ASCE, Vol. 120, 1085, p. 
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this increases with decreasing elevation and’is proportional to the cosecant of 
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the screen ‘The was defined as the screen gai 


‘aa screens with maphined openings and d not ot surrounded by gravel (Fig. 11) 
‘Some coefficients were also determined for certain commercial-type screens. 
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or C L/D ror Tyre A ScrEENS 8.8 as 
The Abin Eq. 28, 2 of C L/D 
ceeding approximately 6. Apparently, for a particulars screen of a certain diam 
- r, increasing L beyond this value would not result in an appreciable dec 
- inscreen losses for a particular discharge. The effect of gravel surrounding the 
7 reen was to reduce the screen coefficient but not t appreciably for larger sizes _ 
gravel. Where the gravel size was sufficiently small that it, effectively reduced 
the percentage of open area of screen, the screen coefficient was also appreciably — 
reduced: This important consideration needs to be taken into account in a 
ferring the implications of Eq. 28 to the field. One should note that Eq. 2 


does not imply that i increasing the length of screen beyond a value correspond- 


— 
7 F 
7 
3 opening and A, is the fractional ratio of screen opening to total screen 
— 
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to C L/D = 6% would fail to result in increased discharge but only that the 
ratio of screen losses to velocity head, whatever the effect on discharge, will not _ 
_ be improved by lengthening the screen. 
The action of a well screen is such that the | greatest flow through the openings 7 a 
occurs near the discharge point of the screen and decreases with distance from __ 
this point. In an actual installation, the discharge point would correspond to 4 . 


the intake for the pump bowls. ru In solving the conventional equations for flow” 3 


through aquifers, the well boundary i is assumed as a surface of constant head 4 | 


equal to the water level in the well. The effect of screens is to upset this ; the 

head will be least « opposite the pump inlet and will increase in both directions | 
Gravel Envelopes. — well screen is, in effect, a Glter with an additional char- 
Ps “- acteristic of structural rigidity. — In many cases, ‘gravel i is installed around the 4 

— screen in order to i improve the filter action; such an installation is known as a 

: _ gravel envelope or pack. In other cases a well may be developed in natural 
materials by vigorous surging so that the finer sediments are removed and 

pumped out of the well, leaving a a natural filter of the coarser materials. er. 

_ As for a screen, a desirable gravel envelope excludes the sediments of the ; 

_ natural formation and at the same time me permits th the greatest possible | flow of 
water. Extensive field and laboratory re research has been conducted on “grav vel 
filters, a considerable amount of which applies to wells. The size of the slots = 
af in the well screen and both the size and size distribution c of the gravel for — 

os a. the artificial envelope s should be selected principally on the basis of the size 

characteristics of the sediments of the naturalformation. 


ere 


4 - Many criteria relating to the design of filters have been suggested by various — 
vestigators. How well these apply tos gravel et envelopes i is not known. During» 
pin years, extensive tests to determine the desirable size characteristics for 
materials for well envelopes have been conducted at Colorado Agricultural and — 
Mechanical College (Fort Collins) under the direction of Carl Rohwer, M. | 
ASCE. John R. Lockman, J.M. ASCE, has reported'* proposed criteria for 

filters and well envelopes. proposed'* by Harmon F. Smith is that 
the ratio of the 50% size diameters of the | pack ‘and the aquifer (the P-A ratio) 5 
be 5. This was confirmed by Frank N. Leatherwood, A.M.ASCE,and the writer — 
who found that instability of the sand occurred for values of this ratio exceed-— 

4 ing 5.3. These investigators used gravels essentially “uniform i in size. Mr. 
Lockman, also using uniform-sized gravels sieved between adjacent size sieves, 

a found, 1 nevertheless, that the uniformity of the sand greatly affected the ability 

a 4 of the pack to resist plugging. - Mr. Lockman proposed a criterion involving the 
“4 uniformity coefficient (ratio of Deo to Dio) of the aquifer such that the product 

of the P-A ratio and the uniformity coefficient be in the range of 5 to 8; a uni- © 

form-sized pack gravel seemed to give best results. slug wot 


ite 


18 “Belection of Gravel Pack for Wells in Fine, Uniform, Unconsolidated sider, by John R. 
man, a abiorten to Colorado Agricultural and Mechanical College, at Fort ins, i in 1954, in partial 
fulfilment the requirement for the degree of Master of Science. 210 £2918 
Packing Water Wells,” by F. Smith, Water Wal Journal, January-February, 1954, 
Hydreulie Bead, at the Uniform Sands of Different Sizes,” by Frank N. 
Leatherwood and ee Transactions, Am. Geophysical Union, Vol, 35, 1954, p. 588. 
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work of Dupuit and the formulas involved from con- 
cept, based on assumed steady-flow conditions, have provided a valuable basis 
for well engineering and for field testing détetthine the permeability of under-_ 
: i: ground sediments. Nevertheless, a steady-state flow condition is not the usual — 
~ ease, and most well flow occurs by storage depletion. The formula proposed by ys 
Mr. Theis for a nonequilibrium well with subsequent adaptations to special 
conditions has yielded excellent results and has contributed greatly to the success u 
engineering, Well- “field developments, if they are to be permanent, 
" should be designed to deplete storage only to the extent that subsequent per periodi- }: 
cal recharge may be expected. A development in which production continu- __ 
ously exceeds available recharge is doomed to eventual depletion, although in 
sd a some instances the volume of storage i is so large that this. may not be imminent. p> ' 
——- well is, among other things, a mechanism for the transfer of energy to an 7 
underground body of water. The energy thus transferred causes flow toward | 
_ the well. In inefficient wells, energy losses in and near the well may be exces- 
"Considerable information is available regarding the hy draulics of well 
- components, such as screens and i gravel envelopes, and of hydrody namic details — 
existing near the well. _ This has contributed greatly to the art of well con- 
_ struction. Much additional research is needed, however, principally in - 
f effort to understand better hydrodynamic conditions near the well and through 
_ the well components and to be able to relate ‘such information to natural geo- 


logic conditions and practical well engineering. to Yo 
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By THomas E. M. ASCE, AND FREDERIC 
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“effective inertia” of a body is greater in air than in a vacuum and te is. 
much greater in a liquid. This effective inertia, which is greater than the - 
“quantity of matter” or mass (ratio of weight to the acceleration due to 
gravity) of a body, is termed “virtual mass.’ The excess of virtual mass over 3 
the quantity of matter is the added mass caused by the surrounding fluid. — 
Measurements were made on objects as they were immersed in water a Bf 
accelerated in oscillatory motion. The added masses, which depend on the - 
size and pe of the body, the direction of acceleration, and the density « of ll 


4 previous analytical studies of potential fi flow. nad the 


In n 1779 ‘Pierre Louis Gabriel DuBuat* published the of his -obser- 


_andin water. He noticed that a simple ancy correction for the 
sphere was not sufficient. In addition, the fluid had the same effect as se 
the mass of the 5; by approximately one-half the mass of t 


4 


Nors.—Published, essentially as printed here, in April, 1955, as Proceedings-Separate No. 670. Posi- = 
tions and titles given ai are those in effect when the paper or discussion was for publication in 
1 Asst. Prof. of Civ. Ene. Carnegie Inst. of Technology, Pittsburgh, Be 
in 2 Prof. and Head, Dept. of Civ. Eng., Carnegie Inst. of Technology, Pittsburgh, on ys qT 
* “Principes d’hydraulique,” by Pierre Louis Gabriel DuBuat, Paris, 2d Ed., 1786, Vol. 2, 250, 

« “Acceleration of Bodies in Fluids—A Study of Virtual Mass,” by T. E. Stelson, thesis submitted to 

4 the Carnegie Institute of Technology at Pittsburgh, Pa., in 1952, in partial fulfilment of the sequnement 


the degree of Doctor of Bcience, pp. 5-16. 
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VIRTUAL MASS 


“mination of added mass | by experiment often has been inconsistent and un- 


circular disks where he found added masses to nine times 
theoretical values. In 1951 H. W. Iverson and R. Balent*® concluded that 
RE; added mass is a variable which depends on the state of motion and is not a 

constant as had been shown a by studies of potential flow. altel: Wott ob 

. ah In the present study a new method for determining the added mass of — 

sg submerged bodies was developed. - It is simple yet accurate and permits the 
easy measurement of added mass for bodies of any shape. st The measured | 
values are in substantial agreement. with ‘analytical values obtained from 
studies of potential flow. Thus, the practical value of added masses obtained — 
from analytical studies is confirmed. In addition, for odd-shaped bodies a 
reliable experimental ‘method is now available to determine the added masses» 
which cannot be obtained by let toe ont art 90 year 


4 If a body of a mass, m, moves in rectilinear » motion at a velocity, v, its” =) 
If a . body moves at a velocity, »%, in an ideal, incompressible fluid of infinite 
tent at rest of infinity, and in irrotational motion, the total kinetic energy 
in which c isa constant that depends only on the density « of the fluid, the size 
and shape of the body, and the direction of motion.’ The total kinetic energy :: 


hen the body i is accelerated, the Tat of change ir in total kinetic 


7. which: F is the resultant of the external forces that act on the body to cause 
the acceleration, dv/dt. Therefore, 


_ §“Sur l’effet d'inertie des sillages des disques circulaires se deplagant dans l'eau d'un mouvement 
uniformement acceleré, " by J. Luneau, Comptes rendus de l’ Academie des Sciences, Vol. 229, 1949, pp. 927- 


a Study in Fact ‘and Simili 
» Princeton, N. J., , 1950, pp. 151- 154. 
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59. Tor £iuid fesistance in Accelerated Motion, OY W. iverson and it. 
tude,” by G. Birkhoff, Princeton University — 
— — 


the fluid has the effect of the inertia ob of the body 

from m to (m + ich. _ The term, ¢, is called the ‘added mass” and (m + c) the 

‘virtual mass. more -Tigorous explanation of this phenomenon can be 

found in textbooks on hydrodynamics, 8.9 Energy rather than momentum | 

“ ‘expressions have been used in the foregoing explanation because in the analysis 

potential flow the energy i1 integrals usually converge and momentum ‘integrals 

not. isi: 10 aoilute ad anoda bad ae Jontanes 
.. The virtual mass is the inertia coefficient or ratio of applied force to ac- 
Ppeseronim se in fluid media. , The actual mass of a body is the inertia coefficient 


he quantity is of prac tical 


actual and virtual mass is frequently overlooked or to be 
only academic interest. For movement in low-density fluids such as. air, the 


difference may not be significant, but in fluids such as water the virtual mass : 
may be many times the actual mass. mass. . Consequently, the difference 
the two may Teally be important. 
audi Inv estigating the effect of virtual mass on dams. during earthquakes, H. M. 3 
Westergaard® found the inertia pressures to be neither excessively large nor 


negligible. Charles P. Dunn,” and Adolph J. Ackerman,!* Members, ASCE, “3 | 


described “unique method of placing the Chute- Caron ¢ cofferdam in 
the ‘Saguenay River (Quebec, Canada). . The concrete dam, 92 ft long, 45 ft a 
thick, and 42 ft high at the center, was built on one end on a pier ‘and was s 
: toppled into place i in the river which was 28 ft deep ep and flowed at a velocity = 
of 20 ft persec. Although the 11,000 tons of concrete in the dam fell an average 4 
. 4 distance of 86 ft and came to rest on bed rock, only a few hairline cracks de- _ 
4 veloped. The water “cushioned” the fall so that the final impact was the — 
equivalent of only a 4-in. drop through air. The potential energy of the — 
dam was largely changed into kinetic energy of the water. Velocities 
of water were estimated to be as great as 600 ft per sec. eee St ih ee 
added-mass effect has been considered in such diverse 
- ‘pitch, and vibration of ships; accelerations of submarines, ships, and dirigibles; — 
entrance of projectiles and seaplane floats into water; sediment ‘movement 
4 and wave action; tone of bells and strings; and the vibration of plates and — 
_ structures. ‘Whenever solids in contact with fluids accelerate, virtual mass isa 
Re The apparatus tised is shown in Fig. 1. ‘The test bodies were imm 


in a cylindrical tank of water. L Supporting rods were | rigidly attached t 


ae maser * “Hydrodynamics,”” by H. Lamb, Cambridge University Press, London, 6th Ed., 1932, pp. 160-1 


§&“Theoretical Hydrodynamics,” by L. M. Milne-Thompson, The Macmillan Co., New York, N. Y. 
“Water Pressures on Dams M. ASCE, 


98, 1933, pp. 418434. 


“Blasting Precast Dam into Place, by Charles P. Dunn, Enoineerina Vol. 1, pp. 
4 
“Models Predict Behavior of Falling Dam," by — J. Ackerman, Vol. 2, 1932, 115-490. 
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beam, in. deep, hi in. and 241 in. ends were ‘supported 
pivot bearings just above the surface of the water. (Fix. 3). 
Before testing the bodies, the relationship between the natural fundamental | 
: frequency for vertical vibration of the ‘beam and the mass in air attached to 
the center was determined by experiment. ‘The frequency was measured by. 
attaching a small magnet to the beam. When vibrated, moving 
_ produced a potential i in a surrounding coil that, w: was independently supported, 
An oscillograph recorded the varying potential. _ Frequency. was obtained od by. 4 
¢ averaging the time for 30 cycles to 50 cycles on the oscillograph record, 
test body was then submerged in water, attached t to the center oft the 


beam bya rod, and the _ beam was vibrated at its new natural fundamental _ 


i frequency. The frequency of the body submerged in water was equal to the 
oa frequency of a body of larger mass attached to the beam and vibrating freely 
in air. The difference between the “mass of the submerged body and’ the 


ni 
attached mass in air that gives the same frequency is the added mass effect of) 
| Support Beam od a 6004 


Spheres te 
rface : ide-on 


+ Cubes, edge-on 


G. 2.—TEsTs on AND CUBES 


thie ‘The weight of air displaced by the weights attached to the beam. i: - 
: "negligible compared to the weight of water displaced.by the submerged bodies, xd 
- Because the ratio of the densities of air and water is cot ea 1to800 


- to the added mass in air could not one more than 1 part i in 1 2,000. il tye + vetietio 
2. The effect of the viscosity of the water is assumed to be negligible. ‘The 


@ The. niineneh, trace which represents the vertical velocity of the beam i is. im 
as nearly sinusoidal as can be measured. (b) The damping isso slight thatthe 
amplitude of the vibration is reduced by only one-half in 20 cycles to 50 cycles— _ 


a logarithmic damping decrement of about per, cy ele, od} rit 00.1 ai ear ea 


imple harmonic ‘motion, that, of 2, 


B “Hydrodynamics,” by. Tak Cambridge University Press, 
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VIRTUAL MASS 
viscosity changes the the ‘inertia coefficient Goi ba 


in which a is the radius of the sphere, f ‘denotes the frequency of the vibration, a 
and p is the kinematic viscosity of the fluid. For typical test conditions of i. 
sphere having a radius of 0.17 ft vibrating in water (v = 0.00001 sq ft per sec) 
at 20 cycles per Bec, the change inertia resistance due to viscosity | is 0.0054, 
approximately 1%. Thus, the viscosity would not. seriously affect” the 


Spheres—The measured added mass due to the fluid (Fig. 2) is 0.51 times — 


of fluid ‘displaced. This agrees } well with theoretical analy ses? that 

show the added mass to be one-half the displaced mass. py 
_ Cubes.—The measured added mass (Fig. 2) is 0.67 times the displaced mass 

for cubes accelerated either “broadside-on” or ‘edge-on.’ 


writers know of no theoretical solution to this problem. However, as 


explained by G. Polya” and G. Szego,'* for a given body the sum of the trans-— 
 lational added masses along three mutually perpendicular axes is an invariant. 
Thus, if My is the added mass for a cube moving broadside-on and if M, is the 
added mass for r edge-on movement, mutually p erpendicular axes can be se- 
re wad feared 


a motion should be identical was shown by experiment. 
ion i The ratio of added mass to displaced m mass for a cube was 0. 67, which was 
- one-third greater than the corresponding ratio, 0.51, fora sphere. Mr. Szego’® _ 
hn shown that a sphere has less added mass than any other nearly spherical solid ' 
aa equal volume. Hence, theory would indicate that the ratio for cubes should | a 
be larger than the ratio for spheres as was shown by the writers’ experiments. _ 
Circular Cylinders. —The relationships (Fig. 3) between the ratio of length 
im _ to diameter and the ratio ) of added mass to the displaced mass for square-ended £ 


circular cylinders of wood about 2 in. in diameter are plotted on “‘semi-hyper-_ 
bolic” paper for which Y-distances from the origin vary directly as the variable, 

and X -distances from the origin vary inversely as the variable, Experi- 
mental data for circular cylinders (solid circles) define a line which intersects 7 
the axis of ordinates at 1.00. This means that, experimentally, for rigid ; 

circular cylinders | whose ratio of — to diameter i is re large,” the added 


“aa “A Minimum Problem about the Motion of a Solid Through a Fluid,” by G. Polya, Proceedings, 
National Academy of Sciences, Vol. 33, 1947, pp. 218- 221. 


46“On the Virtual Mass of Nearly Sp’ 
Durham, N. C., Vol. 16, 1949, pp. ato 


nail 


7 

gu 

bag 

= 

ad 

| 

| 

4 

a 

— +. 

— 

* 


Rectangular: Plates. plates { from 2 in. to 3 in. wide and 


2 in. to 8 in. long of 16-gage sheet steel were accelerated broadside-on (Fig. 3). 
7 As the length-to-width ratio for the plates becomes | large, the ratio of added 
to displaced-cylinder mass approaches 1. 05. The displaced- cylinder 

mass, is by definition the mass al fluid displaced by a right. circular. cylinder, 
having a diameter equal width of the plate. The plate and cylinder 
® In analyzing potential flow about a rod of infinite length having a rectan- 

gular» and moving ‘broadnide- Riabouchinaky'* found the 


to dibiw odt bie | ac a od 80.0 bys 


displaced-cylinder mass 


atio of added mass to 


ed-cube mass 


plac 


Ratio of added mass = 


dis 


lene 


1a. 3. Cruinpens 4 


d mass, c, per unit length in a fluid of unit density to to be _srodge 


which a is a parameter so so that bor yor 


+2) tio 10. Sent bag Iqaib aly lo nl 60.1 
The broadside width is w, and the thickness i in the direction of motion is d. 


< Terms K and E are complete elliptic integrals of the first and second kind and | 
“cosa and sina are their respective moduli; and are the 7 


functions of the complementary angle (90° — a). 
Mr Riabouchinsky found that, when a =80, i 


rome 


The quantity, + w?/4, ‘is ane displaced- cylinder a in a fluid of unit density. 


As. In the experiments described herein, d = 0. 0625 in. and the mean width 


4 


2. 2.50 af 0: 1.025, 


48Sur Ia résistance des fluides,” by D. Comptes Rendus, Congres International des 
Mathematiciens, Strasbourg, 1920, pp. 508-585 
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of ‘infinite Jength should be 1.05, checking the experimental 


Rectangular ‘Parallelepipeds—I n Fig. 4 is shown the Telationship between 
_ (1) the ratio of added mass to displaced-cube mass and (2) the ratio of thickness 4 
in the direction of motion to the edge width perpendicular to motion—for — 4 
parallelepipeds having a square side moving broadside-on. The 
displaced-cube | mass is defined as the mass of fluid displaced by a nee having ] 
‘dides the same as the square sides of the parallelepiped. The thickness of the — 
= bodies varied from 0.06 in. to | 6 in., and the width or side length | of the 


square side varied from 2 in. to 4 in. The bodies were of steel, plastic, and a ; 


hong A simple experimental method is presented for measuring the added 


; of bodies es accelerated i in liquids. 2 


analysis of potential Gow for some simple shapes that-have been pring 
e " Expressing | added mass as a fraction of the mass of fluid displaced by the body, — 
8 a comparison n of results follows: ‘Tor Vane 


“(the final 05, are in terms of mass of a circular 
eylindet inscribed in the broadside width. = ig 
For those shapes that have not been analyzed added 


transv versely. 2 co as shown in Fig. 3 


4 


< as shown ii in Fig. J 
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B.- he study from which this paper is drawn was supported financially from 
a Gerard Swope Fellowship : awarded by the General Electric Educational Fund. 
a The experiments were performed in the civil engineering laboratories at a 
Carnegie Institute of Technology at Pittsburgh, Pas 
IQR, Peck, Jr. JA. M. _ ASCE, and T. E. Doyle, Jr., ‘contributed signifi- ae 


% cantly to the development of experimental methods of producing. and recording 7 
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M. M. ASCE.—The authors are to be 
“a for presenting in a readily understandable manner the basic concept of virtual — 

Ve mass and for demonstrating its potential importance in engineering practice. 

ah Possibly the value of the experimental data in the paper could be further — 


increased a Feplot of Fig. 4. Unless accompanied by a careful reading of 


tive importance, virtual mass effect ‘ id 


The be demonstrated by the with the ratio 
of added mass to displaced-volume mass as the parameter for the preter on 
; In Fig. 5 is shown the result ; the decreasing relative importance of the virtual- _ 
mass effect as the ‘object becomes increasingly elongated i in the direction of — 


motion isapparent, 


A possible worthwhile extension of the \ work of Messrs. Stelson and Mavis a 


. would be into the problem of the fixed object held in an accelerating fluid flow. 
_ This latter problem is being faced with increasing frequency in the betes = 


Chief of Research Div., 
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ma 
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ma 
| ca 
5 by 
ickness (or length) of the 7 cla 
— virtual-mass effect increases as the thickness (or len rete of in 

al 
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i offshore structures wave around ‘the shelf of 


and the concepts of virtual mass are not yet clarified 


EDWARD SILBERMAN,'* A.M. ASCE.—The method for 
mass introduced in the paper should prove extremely useful. The carefulness __ 
q with which the work was done and the agreement with theory, where e appli- _ 
“i cable, indicates that the results presented are of a high order of accuracy. a 
Pe However, the statement in the “Introduction’”’—‘“‘determination of added mass | 


by experiment often has been 1 inconsistent ¢ and unreasonable’’—and the asso- 4 TE 


ciated implication that results not in agreement with those of the authors are - 
in error sequire further proofs); ot bod odt yin 
should be observed that, i in the cited references involving added masses 
several times the theoretical values, the bodies were in unidirectional motion 
rather than in vibratory motion. A body i in unidirectional motion sooner orlater 
develops | a boundary lay er and wake. The question then arises as to what 
“part of the resistance to motion is due to viscous and form drag and what part — 
G is due to added mass. The question can be best studied, perhaps, by reducing — 
resistange ¢ or drag values of a coefficient, Co, defined by 


_ in which p is the fluid density and Si is the area of maximum cross section taken _ 
“normal to direction of motion. For a of D, for example, 


th 

| 


= 


v? 


ks Fig. 6 are plotted some me experimental data for spheres in unidirectional 
acceleration.” Curve 1 follows the preceding equation for the drag coefficient 


"motion, for which Cp (steady motion at eynolde number ~ 105) = 0.5. The 
abscissa is the parameter (D/v*) dv/dt used by Messrs . Iverson 
dea Balent.* ~ “Fig. 6 is ty Pical of of unidirectional acceleration data; the data of P 
J Messrs. . Iverson and Balent for circular disks are plotted in a manner, 
Itis apparent that the } precision in 


is not nearly so great as that in the authors’ experiments. Nevertheless, the 


Sg 18 Associate Prof., St, Anthony Falls Hydr. Lab., Univ. of Minnesota, Minneapolis, Minn. aT ius bie: 


Resistance to Accelerated Motion of in Water,” by G. Bugliarello, thesis submitted 
_ to the University of Minnesota, at Minneapolis, in July, 1964, in partial fulfilment of the requirements for _ 
the degree of Master of Science i in Civil 
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5 definite trend, A first attempt toward predicting the fluid resistance in of 
directional acceleration would be to add the resistance attributable to the added 
mass of the body to the resistance attributable to viscous motion at the i 

-stantaneous Reynolds number of the motion. This has been tried, and the 
result is shown by the dotted line (1 + 2) in Fig. 6. It is apparent that this 
simple approach fails; a similar result occurs for all ot other unidirectional — 

4 acceleration data known to the writer. nt vo) 
There are other possibilities for predicting the resistance in unidirectional — 
_ acceleration: (1) The viscous drag corresponding t to a Reynolds number much 
aller than its instantaneous value should be used ; (2) the added mass for a 

_ body longer than the actual body, to allow for the presence of the wake, should 
_ be introduced ; and (3) a of smaller number and larger 


= lw an 100 B 4 


| 
S 10}+——,; 


Fis. 6.—Draa CoEFFICENT FOR om ‘STEEL ACCELERATED 


_. Insupport of choice (2), it tis shown it in Fig. 4 that as the length of a aa 
oy lelepiped increases its added mass with respect to the displaced mass of a cube i 


_inereases. If the wake behind a cube could be considered as adding to its 
1 length, the cube-wake combination would have a larger | added mass and larger = 
a resistance than the cube alone. * ‘The writer believes that either choice (2); or 

choice (3) is the proper explanation for the trend of the data and that the added — 
mass is actually a function of the state of the motion. - Only at very large ) 
— values of the | parameter, (D/v*) dv/dt (that i is, in the absence of a wake), i s 
‘ the authors’ results apply to unidirectional motion, 
Regarding the importance of added mass in low-density fluids, it sl should 


~ noted that Fig. 6 is largely independent of the fluid used. - Hence, eve even in air, 
at values of the dv/dt, the attributable to 


— 
a | 
— 
— 
— 8 


mass may be much more t than the viscous and form 
associated with the instantaneous oe number of motion, = 


be the s same as for a plate of the same area of length-width ratio of i, assuming — 
no scale effect. The displaced-cylinder masses in the example cited are in — 
ratio of 1:16. Thus, the ordinate occurring at the ania ratioof 4may 

be divided by 16 and the length-width ratio of 
oe similarly with all the data, the s 
=< plate data in Fig. 3 is seen to ie a curve asymptotic to the ordinate zero. c 

(Actually, the curve and straight line are nearly identical in the region of Fig. * : 
i 3). _ By inference, the cylinder data may be assumed to follow a similar trend. i 

of (00,8 ai mon sew boiteq edt eeant hobba to 

‘Tuomas E. Stetson,” J. M. ASCE, AND Freperic T. Mavis," M. ASCE.— 

_ The writers’ data on added mass of rectangular parallelepipeds with square side ae 
moving broadside-on (Fig. 4) have added meaning as they have been replotted _ 
yy Mr. Caldwell. Using the ratio of added mass to displaced-volume mass _ 
‘as the ordinate, he shows: quantitatively Fig. 5) what every canoeist has 
-experienced—namely, that for the same acceleration it takes much more force 
_ to push a paddle through water broadside-on (small relative length) than to 

feather it (large relative length). The same experimental data for rectangular n 
_ parallelepipeds are shown in Figs. 4 and 5, but Mr. Caldwell’s Fig. 5 shows them a 


‘more > clearly. ~The data can be be formulated as follows: deouzise af T 


~ in which c is the added mass, p denotes mass ae of the fluid, V is the 7 


Volume a of fluid displaced, d signifies thickness i in the direction of motion, > 


w designates the broadside width of squa: square face. 


Silberman questions these statements in the “Introduction” 


ret “Determination of added mass by experiment often has been inconsistent a 
i and unreasonable. Measured values for added mass have — been 


Co fact, the data shown in Mr. Silberman’s Fig. 6 eloquently support both 
hes 
First, what was measured and plotted in ‘Fig. 6 is expressed as a drag co- ie 
variable which combines velocity-dependent forces and acceleration- 
dependent forces inseparably. _ What the writers measured and reported in 


Figs. 2, (3, and was an “added-force” term that was only dependent on 


oe drawn from the first, as Mr. Silberman may have inferred. In | ‘ 4 
4 


os % Asst. Prof. of Civ. Eng.. Carnegie I Inst. of Technology, Pittsburgh, Pa. nin aie 
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| q — 
ean be used to extend the plotting to the right of the length-width ratio of 
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hypothesis, should represent the | drag coefficient for steel spheres accelerated 


530 VIRTUAL MASS 
celeration in their were high and velocities 
_ Were low. In fact, the writers consider this separation and control of variables: 
a ariables that haw’ commonly been masked in earlier experiments) to be on one 7 
of their more important contributions to experimental studies of virtual mass. — 
Second, every point except one as plotted in Mr. Silberman’s Fig. 6 shows the 
drag coefficient to be substantially higher than the solid line. Thus, Fig. 6 
says, in the language of graphs, the same thing as the writers’ two sentences. — 
_». There seems to be abundant evidence in the literature since 1779 to support 
the statement, “Determination of added mass by experiment often has | been 


inconsistent and unreasonable.’ investigators of virtual mass 


1 part in 35,000. Itisa tribute to Bessel and his technique that 
he was able to detect such slight changes. However, it is not surprising that — 
from such relatively small quantitative measurements he should have arrived at _ 
_ deduced added masses that were as much as 90% larger than can consistently — 
and reasonably be expected te today (1956). p de ‘od add 
Incidentally, all but two pointe shown in Fig. 6 are from 100% to oy he 


higher than the dotted curve designated ‘1 + 2’ which, presumably by his 


closing suggestion by Mr. Caldwell— ~to study “ “the problem of the 


—may resolve whatever differences of interpretation there may be iene 

‘Mr. Silberman and the writers. It i is because of differences i in analy tical and 

experimental studies that engineers can acquire a better. understanding | of 

accelerated motion of structures and machines in fluids and of the associated 

forces they must anticipate in design. = 


_ “Untersuchungen tiber die Lange des einfachen Secundenpendels, ‘a by F. W. Bessel, Abhandlung der 
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HIGHWAY 
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Wire Discussion BY Mussrs. Grrarp H. Marrues; Emory W. LANE; 
F. IztaRp AND JosEePH N. BRADLEY; Cam E. 


? ane 
As a result of series investigation 


talon even when subjected to high velocities of flow over the a or oe the 
ce side slopes. Preliminary investigations gave considerable insight into the 
_ mechanism of failure of erosion protection and provided a rational basis for a .- 
Ae design capable of being used for any required degree of resistance to scour. 
“The recommended design embodies properly graded layers with the topmost 

layer bound in “rock sausages. ” The size of the sausages ‘Tequired | for 


various exposures was not determined, but full-scale tests showed that a 


‘3 most severe conditions | likely to be ; 


al almost at grade, rising to cross a bridge set just above the estimated high- 
_ water elevation. With flooding, the approaches were soon inundated and the 
bridge which was probably still dry w was rendered useless. 

§ ip The demand for a highway that would be open at all times, which developed _ At 


_ as the economy became more and more dependent on motor caves has 


of great capacity, the highway was usually built across a flood plain 


N oTs.—Published, essentially as printed here, in August, 1955, as Proceedings Paper 7 783. Positions ds 
d titles‘given are those in effect when the paper or discussion was approved for pul lication i in Transactions ‘Ge 
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a Ss sponsored by the Highway Research 
mission, a method was developed for __ 
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resulted ina different type of valley crossing. “High fil fills extend out from the 
2 hills on each side to meet the bridge without any intervening s sag in n grade, even 
_ where the flood plain is comparatively broad, Sight distances are better, with — 

_ fewer and broader vertical curves, ‘and the hills at the sides of the valley are- 

i. hen such a highway i is subjected to ‘to floods § somewhat above ordinary his high 
Saher, however, serious defects are encountered. The waters that formerly 
flowed "the approaches are forced through the bridge | opening. ‘If the 
"bridge o opening is not adequate the water backs up to result in higher elevations — 
upstream than would previously have existed for the same discharge. This ty 

backing up Tesults greatly increased velocities through tl the bridge—with at 


along the side of the fill often become high enough to wash out the shoulders and © 
undermine the pavement slab. If th the flow i is is sufficiently constricted for flood 
waters to overtop the pavement, heavy damages cai can occur within. comparatively 
we. short ere even when the depth of overflow is less than 1 ft. Forexample, — 
ne gar Creek, a tributary c of the Cedar River, near Moscow ae 
 Jowe a, beds a flash flood that washed out several modern bridge crossings anda = 
| considerate length of pavement but did little damage to the older crossings, — ‘id 

ao which were passable as soon as the flood waters had subsided. © Washouts i in 


iam high approach fills are extremely dangerous to traffic and | sp pee tor repair. a 


In: many locations the bridge « openings ‘can be to the 
floods considered possible ‘without any delay to traffic. For an im- 


justified, and the design flood chosen. might be one be ye expected to 
occur only once in every 25 yr or more. However, bridges for a less important — cE 
pei. highway might be constructed witht the expectation t that they would be rendered é 
~ temporarily impassable « every 5 yr or less. A ‘reasonable economic balance — a 
‘a could be obtained between the losses to traffic and the cost of eliminating a4 
os flooding, provided | that washouts, with their uncertain cost, can be eliminated. 3 
ad One solution to the e problem i is to lower the grade line to permit overflooding — 3 
E Eee or to use less erosion-resistant construction at certain carefully chosen sections, 
' hay with the expectation that severe flooding | will wash them out. These “fuse- 
“a plug” sections, which must be of ample hydraulic capacity, should | be located es 
at points where the high- velocity jet that will flow through them will not — 
ee endanger the bridge, either directly or through induced eddies, and where me 
damage t to adjacent properties will be the least. At the same time, con- 


” . : sideration should be given to the speed and ease with which the washed-out — 


ne val fill and surfacing can be repaired. The disadvantages of this method, as 6 


Another method that has frequently been tried is to surface the fill witha 
masonry slab, This protection is expensive and not dependable; builders of 4 
: earth dams never attempt to build @ masonry spillway on fill because full 
eS pressure 1 may develop ¢ on the lower side of a slab which has little — 
no above it. the slab i is heavy enough to balance the excess 
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pressure blowup will. For a concrete ‘thickness of 20 i in. 


- would be required to balance a head of only 4 ft of water. bexim 6 od iaacad 


Mecuanism oF Rrprap Protection 
tn To prevent erosion, earth has always been protected by piling on stones or | 


other loose objects. The stones 8 may be simply thrown together or they may ae 
carefully placed for a neat appearance. The cost varies greatly, 


erosion ven reducing the velocities that come into contact with the earth to a sae 


-noneroding value. T he stones: to the current “must auch: ‘size ced 


he . which the erosion from water edie over lay a erushed stone or roivd 
let different thicknesses protecting a bed of fine sand could be observed through- _ 
out a » length of 48 in. A bed of fine eae sand was leveled and carefully _ 


wr 


een ey erosive power of the current over the test section was increased. 
‘The method of | operation | was to increase the discharge slowly, noting the | 


point at which the sand g1 grains in the thin red layc er began to | bee displaced. — . 


velocities reached the bed. Grains of potassium ‘permanganate distributed 
through the rock layer | gave off streamers of colored water which could 
ee for several “a and which indicated, to some extent, the intensity a 


te the local velocity. Before the tests started, it was thought that induced — 
eddies would be the principal medium m by which the erosive velocities would = 
reach the bottom; rotation in the topmost cavity would induce opposite — 
- rotation in the beth; and so on down with decreasing intensity. othe 
_ showed very little of this action. of The streamers over wide regions tended to hot 
be roughly parallel and to fluctuate together in direction and intensity, indi- — pe 
cating that the principal currents in the underflow were driven by the pressure a a 
differences originating from | the main flow of the stream. ails to gatharg. 
the discharge increased, the intensity of these currents through the 
_ layer increased until finally violent bursts began to move the red sand at oe 
_ several points which ¢ could be observed through the glass wall. if the test was — 
M stopped at this point and the stones carefully removed by hand, the points of iy: 
_ beginning movement were found to be uniformly scattered, in gees “ae 


_ over the whole area of the sand bed. _ If the test was not st 
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efiectiveness varies greatly, also, but does not necessarily bear any relationship 
id <i In order to study how a layer of stone reduces the velocities at the surface 4 ae 
y 
— 
nD Classification. A rock layer was then placed by hand in such a way as notto i ae 
r. _ disturb the red sand but not in any special systematic fashion to secure good A i 
fit or minimize voids. After a sufficient thickness of rock had been placed by £ 
Rs | hand, the remainder was dumped in up to the required levelh ; ee 
_ Upstream and downstream from the 48-in. section the flume had a bottom 
which formed a straight line, on a slight downgrade, with the top of the 
i 
it 
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— 
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charge increased further, movement began at more points sand 
began to be mixed instead of having a sharp plane of demarcation. 


4 ‘The first investigation with ‘this ay apparatus was conducted with stone ai 
uniform grading? In Fig. 1 the “nominal size” (abscissa) is the mesh on which 
the rock was retained—the smaller of the limiting sizes. ot The ordinate i is the 


The results show that it would be uneconomical to use material ora 
4 granular | size to protect finer material because a great increase in thickness of — 
protective layer is required for only a slight increase in velocity. This result 
is consistent with the observation t that t the pulses di driven 1 by turbulence in the 
stream were more likely to cause erosion than were the void eddies. 10 re 
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a Ratio, thickness of protective layer to nominal size of rock 


Fig. 1.—Tests oF Errectiveness OF PROTECTIVE LaYer or Rock or 
ins 


SpEciFicaTions ror GraDED RiprRaP 


_ Nonuniform grading of the protective layer was attempted next—par- — 
ticularly a type proposed by Karl Terzaghi,? Hon. M. . ASCE, and thoroughly 
tested*: by the United States Waterways Experiment Station at Vicksburg, 
_ Miss. This grading is intended to prevent the escape of the bed material into 2 
an overlying coarser layer when the flow is directly upward. the Vicksburg 
- tests the layers subjected to upward flow could, at the same time, be vibrated % —§ 
- and subjected to surging without causing the fine material to migrate upward : § 
7 into the coarse material; to achieve this the original specifications suggested 
Mr. Terzaghi had to be revised.5 The resulting specifications relate the 


4 grading of the protective layer (‘filter’) to that of the bed material (“base”) 


a ah > een, rol Earth Embankments by Rip-Rap of Uniform Size,” by J. O. de Abreu-Lima and a 
hesis presented to the University of Iowa at Iowa City, in August, 1951, in partial 
fulfilment he requirements for the degree of Master of Science. a 


"Soil Mechanics in Practice,” by K. R. Peck, John Wiley Sons, In 


1948, p. 50. A 
 4“Investigation of Filter for Underdrains,” Technical Memerendum 188-1, 8. Water- 
ways Experiment Station, Vicksburg, Miss., December, aise 
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by the following three inequalities: 


ities 


hie 9011 B < 25 


Fifteen sdaaaie , by weight, of the filter n material i is finer than the size indicated io . 
by Dis filter; 85%, by weight, of the base material is finer than the size denoted 


10 s (filter) <5 Des (base) 
filter) <20X Djs (base) 

Grain size, in millimeters 


lig Fig. 2 are shown grain-size curves for materials meeting the ‘specifica~ 


- tions* * § to be referred to as the “T-V gradings. ” The base layer (loess) is ys 
to be protected by the filter layer (sand). From the grain sizes of the 15, 50, ' 
: and 85 85 percentiles of the loess, the limits on the grading of coarser material that 4 
_ will protect it are determined. By the Terzaghi-Vicksburg specifications, | sand a 
; _ A is about as coarse a sand as could be used for the loess shown. Sand B~ 
would be acceptable, but but, being finer than necessary, would set lower limits on 
the crushed-rock layer né next above, which has to have the same relationship to ie 
the sand that the sand has to the loess§ 
ee Because the abscissa a scale is logarithmic each of the values (6, 4, 20, and — 
25) i in Eqs. 1 through 3 corresponds to a fixed horizontal distance on the graph; 
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hence, readings and computations are not hecessary in Ing te 
‘limite. ials must be blended to meet the specifications, com- 
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EROSION ‘PROTECTION 


“a one-third of send B (Fig. 2) would contain 80% finer than the 1.0-mm dis 4 


Tests a the T-V grading i in the same apparatus as was used previously 


- prt ed that a 2-in. layer of T-V grading Prov ided better protection over most r % 
Of i its area than an 8-in. layer of uniform particles of the same size as the rf in 
4 largest c component of the T- V mix.* © Because the largest particles of the T- \ a 
mix barely passed a 3-in. “mesh sieve, it is not surprising that the 2-in. “leven 
showed several spots. A 3-in. layer of T-V grading gave complete 
- protection. over the entire range of velocities up to that at which rock began to 
os be torn from the top of the protective | layer, making it necessary to stop the 
test. In additional tests, in order to compensate for the uniformity of the 
~ flume as compared | with a natural s stream, the bed and pr protective la: layer were 
4 subjected to upward flow simultaneously with overflow. No motion was 
Pamir? even when upward-flow velocities approached those that would raise 
‘4 he entire mass by friction drag. 
_ A surprising result of the tests with the uniform-size material and the T-V 
grading was that the latter not only afforded more protection to the bed but ” 
was itself less subject to removal by the flowing current. © It was expected that ve im 
” the finer particles would be removed from the mix by the current, but such was 
i - Because the two gradings, uniform and T- V, had considerable differences 
, in their protective and erosion-resistant qualities, it might seem worth while 
to make similar tests of other gradings. From the observations of the mech- 
” i anism of protection a1 and consideration of the theoretical basis of the T-V gelling, 
a q it would seem that n no o grading could be found that would be much better than 


vould be 


ion, 


4 stone) and rounded (river gravel): particles w were tested rae finding sig- 
a ‘nificant differences, but the results from particles, of very ‘unusual shape ie 
(elongated « or flat) might be significantly different. aie al 
th Karl Jetter’ has corroborated the conclusion that erosion of fine material 
from under the protective stones must be prevented. - He made an extensive 
investigation of methods of protecting sand dikes which had been proposed for bate 
maintaining navigation depths on the upper Mississippi River. Mr. Jetter 4 be” 
_ reasoned that the downward currents between the stones might be prevented 
from scouring the sand if a watertight covering were provided ; he apparently = 


overlooked the concomitant upward currents and pressures which would 


a. §”Tests of Graded Rip-Rap for Protection of Erosible Material,” by Henry de 8. Manamperi, thesis 
o+- to the University of lowa at Iowa City, in June, 1952, in partial fulfilment of the requirements 400 
_ ™Tests on Sand Dikes Protected Against Erosion by Overflowing Water,” Karl Jetter, thesis cr 
"presented to the University of Iowa at lowa City, in August, 1931, in partial "told iment of the require- 
mente for the degree of Master of Science, ont 
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BROSION PROTECTION 


such a ‘covering. Jetter rejected the idea a donerete:t mat 
“would be expensive and any rupture in its surface would permit scouring of — 
_ the sand.” A He also reasoned that for the upstream : slope and berm satisfactory - ry 
5 ‘results ‘ ‘might be obtained by grading the covering from coarse sand next to 
- the sand of the dike to large stones, heavy enough to withstand the « current 
« At this stage of the investigation it was assumed that the problein of } pro- : 
tecting the earth fill at its zone of contact with the protective layer was solved 
and that what remained was to learn how to prevent the protective layer itself - 
_ from being washed away. Just as the T-V layer protects the earth, another 7 
layer of coarser material bearing a T-V relationship to the first one can protect ; 
‘it, and ‘80 on, , until finally a layer is reached with | particles large enough to : 
“resist movement by the stream velocities likely to be encountered. ‘The’ 
‘problem i is to find just how large the grading of this protective layer aenk be. — 
Erosion ¢ conditions are severe on a steep slope with water flowing directly — 
4 down because g gravity y and the dy namic force of the water both have components 7 
_ down the slope, and the only resisting forces are compression in the top layer 
and friction along the bottom of the top layer. Previous analyses and attempts 
to develop a a formula that would give the necessary size of rock, as recorded in : 
the literature, were not made for T-V gradings and lacked verification on slopes — 
‘steep enough for highway fills. Henee, : another flume was built at the Iowa 
Institute of Hydraulic Research, at Iowa City, i in which a T-V layer represent- . 
: ; ing the top layer on the downstream face of a full-scale highway fill could be 
tested with varying | depths of overflow over various sizes | of aggregate placed to 
_ different side slopes. v Limitations of space available an and water av ailable, at the - 
time, fixed the width of the flume at only 15in. It was decided that the largest _ 
aggregate particles should not | have a maximum dimension of 1 more than 6in. 
in order to avoid wedging between the sides, 
_ Despite the care taken in the use of this flume it was difficult to obtain 
— consistent quantitative results. At the same time that it was being operated, — ; 
a full-scale, highway-fill section was built in the river flume of the institute. 


a The 10-ft width permitted the use of larger rock—the largest size that could — 


_ be obtained from the local quarry. The fill section was not a full standard © 
highw ay section because it lacked a slab, and the upstream section was replaced ,. 


_ by a bulkhead and flow guide. Also, the shoulders were narrower than usual. :: 
"These changes from the standard section were not considered disadvan- 
- tageous as far as possible results were concerned | because their effect would be q 
to increase slightly the severity of the exposure. ~The loess fill was ‘protected 
by T-V layers which might be described as sand, fine gravel, coarse gravel, and ; 


: ‘Tiprap to a 14-in. maximum size. A . total weight of 250 lb of hot asphalt was 


mise 


poured on top of the rock in a grid pattern of lines at 1-ft centers to increase 


= erosion resistance. By extrapolation from the results of the tests in the 
smaller flume, it was thought that this fill should stand an overflow head of 
about ft. However, some movement of the r riprap » occurred within 5 min 
0 the head had reached 1 ft, and the eroded patch enlarged rapidly during _ 


— — 
q 
of 
— 
| 
“he 
— 
ag 
— 
of 


a ew the results of this test in the river flume | were available, another a 
series of tests with larger rock sizes was begun in the 80-in. flume of the Rocky _ a 
_ Mountain Hydraulic Laboratory at Allenspark, Colo. Finally, all three series 
of tests were completed. The results are shown in Fig. 3. At greater heads 
than those presented in Fig. 3, the rock becomes unstable and is washed down 


the oo ~All the tests were made with the tailwater at the lowest possible 


it had thought that the hydraulic j jump ‘that would form with ‘moderate 
_— tailwater depths would aggravate the tendency | to scour on the he steep ‘slope, but 
_ this was found not to b T ail on 
aby 


— 


Fie. 3. Heaps For FLow DowN Tyrican SLores 4 


wn The riprap tests in the three flumes were inconclusive i in determining the © 


when covering reasonable highway-fill side slopes. However, it was evident 

‘ that the rock sizes required for even moderate depths « of overflow would be so 

‘“ large as to be impractical for the purpose and prohibitively expensive in many 

localities. Despite the care used in the laboratory tests there was great 

variation in the results. Under field conditions variation would 
a Rock Sausages oH ST 


- Another method used was to stuff the top T- -V Is layer into wire-mesh sausages 
laid over the fill. _ By pulling the wired sausages up tight the rock was put oe - 
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top of the fill, would ine a tension to carry the large 


* the slope. The cross-sectional area of the wire envelope, if carried over the = 


erosion. using ‘strips of 2-ft-wide wire re which, when stuffed with 
rock of 3-in. maximum size, made sausages about 9 in. in diameter. Laidon 


3-to-l slope, starting at the upper edge of a narrow “shoulder” and, hence, 


= without the benefit of tension to hold them in place, these sausages s withstood — 
greater depth of overflow than any loose layer tested. They were t the only 


a installation which remained in place up to the capacity of the flume. _ aaa 


- The final test was of a loess fill built in 1953 in the river flume of the Towa 
Institute of Research. The fill was protected by layers @pproxi- 


ae woven to a Sin. mesh. The stone available to fill the sausages was 
crusher-run, passing a 6-in. screen and being retained on a j-in. screen. The 
grading did not quite conform to the T- ‘V requirements of the layer next under- a 

neath and was somewhat too small for the wire-mesh openings. The first — 
_of sausages was filled in position and laced up tightly, but because the smaller 
Tock particles tended to spill out, the remainder of the crushed stone was sifted 
to eliminate the sizes passing the 2-in. mesh. This operation was done by — 
hand because the necessary equipment was not available; because of the — 

7). 

magnitude of the job, it was not completely effective. 
“es The rest of the sausages were filled from the end, in 10-ft eetied and laid — 34 
in place with a crane. The longitudinal spaces between the under- 
neath the line of “contact, were not completely filled with rock. Therefore, — 


- channels were formed down the slope through which the underlying fine rock j 2 


could be washed away, as was shown by a preliminary test: made on December 
1953, with the highest head available p to that time. After: this the 
a sausages were wired together end to. end and some small gaps on the downstream a 
were closed with chicken wire. Despite its imperfections the test section 
withstood depths of overflow up to (0.75 ft. for more than 30 min i in this pre- 


liminar test without appreciable signs of damag 


Previous Uses or WIRE- Bounp Rock SAUSAGES levis 


During the: preparation of progress report® it learned that rock 
sausages, or “gabions” as they | were called, had been in use for more than 50 Te 
yr in the Himalayas. - It was also found that an Italian firm specialized ~~ 
gabions for erosion protection. Its brochure seems to indicate that the 
importance of T-V grading to protect the bed material nod. not been recognized. >, ae 
| With the method of hand-filling bags and rectangular box cages, it would also a _ 
seem that. the benefits of putting the loose rock i in compression on would not be 7 
obtained. © ‘That the firm has been successful for so many years. despite these 


omissions speaks well for this type of construction, 


= “Rock ‘Sausages’ Provide Economical Protection Against we wl by C. J. Posey, Engineering , 
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__H. G. Strom® has described wire sausages used for river-control work in 
In the previous uses : of rock : sausages the “purpose was s riverbank protection. 
There is no specific record of their use to protect relatively steep embankments 
= ‘from overflow; ; it was s probably seldom feasible to install the sausages “Sn the 
dry” with opportunity to control the underlying layers, as would be ‘possible 
in the construction of most highway shart siz 0-8 
_ Andrew Weiss" reported on a similar method used to pass flood waters over 
- the partly completed San Ildefonso Dam in Mexico. © Though imperfect as a 
: reverse filter, his design, which embodied a network of steel bars with anchors, 
was adequate in preventing too much scour. aly h doidw noital 


COMPLETION OF Fuut-Size Overriow Tests 


May and Jur une, 1954, higher flows in the Iowa River permitted 
testing the sausage-protected overflow section under more severe conditions. - 

The results are presented in Table 1. All the runs were made with no tailwater, © . 
and velocities at the foot of the 54-ft-high embankment were estimated to be — ; 

= 


20 min 


May 


approximately 20 ft No damage be after Run 2, but after 
_ Run 3 it was found that some rock had been removed from inside one of the 
sausages. _ No further damage was noted until after Run 5, when there was 

found to have been some enlargement of the cavities where undersized rock ; 
a _ rey been torn out through the mesh. After Run 6 the general level of the yin 
Sausages, seemed to h have sunk slightly at one location ; the amount was ‘no : 

ec than could have been accounted for by 1 the fact that ‘some fine rock ha ad 

,~ been washed out through the gaps between the sausages which had not all been 

effectively stopped up after the first run. walt. 


aaa wri two of the sausages were slit longitudinally and tl the embank 


slope were approximately half ‘emptied whites those on the ‘Upstream 
were not affected. Further overflow failed to remove the installation suffi- — 
ciently fast, and the sausages were finally lifted out witha crane. ale 
_ It should be noted that the two tests in the 10-ft flume of the Iowa Institute ; : 
‘Hydraulic: Research tested not only the resistance of the protective cover 
against removal but also the ability of the T-V graded sequence to protect a : 
underlying loess from being leached out. In neither case was there any sign in 


_ “River Control Structures,” by H. G. Strom, Technical Bulletin n No. 6, State Rivers a: nd Water Supply 


“Construction Technique of Passing over Earth Dams,” ms," by Andrew Weiss, 
ae, ' Vol. 116, 1951, p. 1158. 
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at the loess was Temoved while the layers above were intact. j The 


In the second test the flow was maintained at higher depth for 


tbe many he hours but at no ti time was there any sign that the water was being mud- 
cs died by loess, nor any sign that the sausages had been undermined except at 
; _ the location where some of the rock layer next below the sausages seemed to 


Under field conditions in Iowa (a) tailwater would stand on the downstream — 


i. face; (b) the total head would seldom, if ever, exceed 3 ft or 4 ft; and (c) the 


flood flow would, in ‘most cases, last for hours rather than for days. Hence, 7 


the use of rock sausages may be recommended for a full scale field test. a Ine i? 

stallation problems encountered in building the fill in cramped laboratory — 
ars quarters are not representative of field conditions, but the information gained — 


be helpful and some suggestions may be offered. 


square foot of Relative 


Galvanized steel No. 6 
Galvanized steel No.9 


Stainless steel Nov12 
 Litis possible that only part, rather than the full length of a long fill, 
Pa, should be protected after the fashion of the fuse plugs mentioned previously. — eS 

‘However, the flanks of adjacent nonoverflow sections should be protected 

Wherever high-velocity currents may occur. | 

The T-V -V gradings may seem complicated and therefore expensive. 
 Howev er, natural deposits me be found to fit the specifications with little or _ 


41,000 
41,000 


‘| 


heaper (in large quantities) 


‘than ial gradings m made for concrete. add ao 
With regard to the cost and. durability of the wire sausages, the investi- 
~ iguiee can offer little more than tentative information. Prices quoted (1955) — 
: tye a manufacturer of steel-wire mesh indicate the “approximate costs per 


square foot for a single lay er of eapatie made of 2-in. mesh, chain-link fabric 


Experience with steel wire by hot-dip zinc galvanizing river- 
. protection work shows that its life is from 15 yr to 20 yr. _ When used on high- 
_ way fills above water and not in direct contact with earth or sand, the probable a 
“ life of the galvanized wire would exceed 20 yr. One cost-saving possibility — 
would be to use st: stainless- “steel w wire for those parts subject to frequent inunda- a 
tion, but special precautions would have to taken to avoid electrolytic 
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BROSION PROTECTION 

at ‘The committee for the Regulatisation of ‘the Rhine River (Germany) : re- 

= ported" favorably on rock sausages, but it stated that efforts to improve the 

useful life by using aluminum wire were unsuccessful because the wire was “not 
_ sufficiently resistant to withstand the stresses to which it is subjected a 
manufacture and the putting in place of the rollers.” — ” Properly designed mech- 

anized equipment might make the use of wire possible. 
Most of the sausages used in the river-flume test were end-filled, but the 
writer believes that, if suitable equipment were constructed, the method used 

in the Allenspark test and for the first row of se sausages s placed i in the river flume 

_ would be cheaper and more efficient with less strain on the wire. The end- 

7 filling method has certain advantages, however, and could also be improved. 

For example, filled sausages ‘could be ‘transported by truck and used for pro- 
tecting piers or abutments of bridges threatened by underscour. SRO 


4 


be answered until sail time as the rock-sausage method has come into wide use 


and will bear further investigation to achieve maximum economy. If it is to 
= generally used for spillways, diversion channels, or bekige pier protection 


4 


the support for this J. de Abreu-Lima, 
mm B. Morgan, Henry de S. Manamperi rendered valuable contributions by 
_ their thesis projects as graduate students at the University of Iowa. The tests 
7 A made at Allenspark were under the supervision of the staff of the Rocky © 
Mountain: Hydraulic Laboratory, assisted by I. M. Mostafa and R. E. Nava 
= Junior Members, ASCE. Various | of the | project w were conducted by 
_ J. W. Dinzole, Jr., M. T. Lwin, and F. A. Haag, Junior Members, ASCE. . 
Many other staff members of the Iowa Institute of Hydraulic Research 
_ _ Tests and Study of a Rational Method of Constructing Groynes on the Upper Rhine,” Bulletin, ay 
7 ‘Works Committee for Regularisation of the Rhine Between Strasbourg/Kehl and Istein, ‘Permanent | 
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Gurarp -Marrues,” Hon. M. ASCE.— The ex] experiments described 

by Mr. Posey demonstrate the practicability of protecting earth embank- Bye 
i ments against erosion from flowing water by use of : rock sausages. They recall 4 

the effective use that has been made of this method elsewhere for the protection — 
riverbanks against erosion by high-velocity flow. The author isto becom- 
E mended for conducting full-scale experiments on an unregulated river. His = 

findings should be of timely interest in view of the extraordinary ti toll taken  . 
by flooding 1955) of streams too small to warrant the construction 
5 flood-control reservoirs by the Corps of Engineers (United States Depart- 

- ment of the | Army) under existing flood-control laws. | Much e can be accom- 

plished, however, through state and local effort, by u using the 

be of protecting highway fille and the everentes of the smaller streams, 


patented by the Italian engineer, Giulio Serrasanctti, 8 in 1903 and have ae 
extensively used along headwater streams in Italy, Austria, and Bavaria since 
1908. European methods of applying) rock sausages s along: earth fills or ‘stream 
banks have included: (a) Horizontal tiers backed by boulders; (6) vertical | - 
walls built by standing sausages on end, with cross sections square instead of : 
round; (c) the formation of dikes supported o on layers of large boulders or on es 
tscine mattresses; or (d) sinking the sausages in sandy river beds to serve as | 
foundations fe for rock fills or sandbag cofferdams. In the United States, rock — 
‘sausages have been used by the National Park Service (United States Depart- 
ment of the Interior) to counteract bed erosion“ and by the California State | 
_ Highway Commission to protect the banks" of streams near Los Angeles, a 
; — Calif.14 An exhaustive investigation of the uses of rock sa sausages in Germany 
and Austria was made by Chr. Keutner in 1934.8 
‘The limitations of the protection provided by viet sausages are the main- 
tenance cost, covering inspection and repairs needed after each major flood, 
and the eventual breakdown of the galvanized wire ati by rusting at 
points of abrasion from or careless: handling. Repairs are usually 


by patching with strips of netting. Ins the Bavarian system the 


é 92. 32.5% 5 ; (2) providing broken stone caaane the cost of transportation, filling, 


| sewing, and placing, 56.5% ; and (3) wear and tear of ‘equipment a and miscellane- 


a* ‘Comparative costs: of wires equal in ‘strength and having a diameter of 


2. 8 mm or 3.0 mm showed steel wire to bode 2.4 times as much as ordinary 


Cons. Hydr. Engr., New York,N.Y. 
é “Wasserschutzbauten,” by Giulio Serrazanetti, Bologna, Italy, ru too 


al Bowed Rock Training Walls Solve Zion Park Flood Problem,” ty Thomas Cc. Parker and 


von Drahtnetzkorpern im Wasserbau,” by Chr. Keutner, Inst. for 
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ON EROSION PROTECTION 


j galvanized-iron wire. diameter of mesh was 60 mm (2 in. 


Steel wire lost only one-fifth as much weight because of abrasion as did gal 


7 Emory W. Lang,” M —The presents, so far as the writer 


-| eal Posey’ s work is, therefore, a valuable addition to the hydraulic and Mena 

- Although these sausages have come into use in the United States compara- 

te tively recently, they have long been used in China for stream-bank and bed 

7 bi? protection and more: recently f for the closure of levee breaches along the Yellow | 
River. Their use in the operation of the great Min River irrigation system was _ 


— 
described elsewhere iby the writer.’* _ This great project, irvignheg 


sausages have no doubt been used for centuries. They. are used to 3 
’ the, the stream bed at a structure for dividing the flow of the Min River and wee | 
pavement on a spillway. Thin strips of bamboo are woven to form the casing 
of the sausage. Similar construction was used on the Yellow River, eel 
large, long sausages rolled into the gap in the levee from the banks. The ga 
gradually closed by filling it with sausages plened in this 
Caru F. Izzarp,” A. M. ASCE, Josern N. Brapury,” M. ASCE. 
_ The author is to be com nended for his valuable and timely study of erosion — 
_ protection for highway fills. Such a study is especially appropriate just prior yy 


an expansion of the national highway program. used 
_ Highway fills designed to be overtopped during floods have not been 
unusual in the past, especially on secondary roads. However, as a result of * 
tthe steady increase in traffic volume, current (1956) trends tend to discourage 4 
designs that provide for overtopping of highway embankments on primary — 
roads, — _ Before taking a definite stand on the question it may be well to o weigh a, 
— merits of the old concept: of flow over highway fills against the apparent — 3 
to be gained by keeping high water at all 
With the introduction of the modern and multilane divided 
highway, ' with long sweeping curves and adequate sight distance, bridges now 
assume a permanent role and can no longer be considered as short-term in- 
= vestments. Therefore, bridges on modern highways" should be designed to 
accommodate extreme floods without failure or serious damage to the bridge. Bi 
ta The higher the roadway embankment, the longer the bridge must be to be — 
reasonably sure that a bridge will be safe during a superfiood. Long, expensive 


a.) é bridges, of course, can be subject to severe criticism from those who bear the ; 
23 cost. On the other hand, delays to traffic by the inundation of bridge ap- 


baal “Great Min River Irrigation Project,” by E. W. Lane, Civil Engineering, Vol. 1, 1931, pp. 397-400. 
hag => Hydr. Research Branch, sel of Public Roads, U. 8. Dept. of Commerce, Washington, — 


Hydr Engr., of Public Roads, U. 8. Dept. of Gommaren, Washiogson, D. 
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ON ER OSION PROTECTION 


upstream and downstream, have failed. The old bridges built to accommodate 


= withstood record floods newer and n more “modern both 
| i flooding at intervals of once j in 10 yr or 20 yr | have eee intact because 


ol 4.—PRoFILE or FLoop Pain, Bripaz, Roap GRADE FoR FLoop 19" 

type have been inundated Many times, and great quantities of debris have 
lodged against the superstructure without serious damage. There are other 
ener on record where the approach embankments to bridges of this category 

were later elevated and the old bridges replaced by modern ones of oe: 


the same length. It reasoned that raising the 
fou ar A 
~ ft 7.0 
Flow through bridge | 
Flow over roadway ~ 
«ava 


: jou 2nW 


Lewy, 


Stage-discharge curve in i a tie 


Discharge, i in feet per second x 107? 


d additional effective waterway area under the bridge. 
_ Of this assumption is borne out by the fact that a fair share of bridges constructed _ 
— on this premise h have failed during the first sizeable flood. With embankments — 
q -Taised it was necessary for all flow to} pass under the new bridge, increasing the 
backwater and velocity. Failure usually resulted from undermined footings - 


Upstream elevation, in fee 
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An explanation of the hydraulic principles involved is best illustrated by 


aie an actual case on which reliable observations and measurements were available. 
3 The 175-ft bridge shown in Fig. 4 has s withstood several severe floods, o one with | 
‘. a recurrence interval exceeding 100 yr. The capacity of the bridge itself is 
approximately 10,000 cu ft per sec. However, » & floo flood of 26,000 cu ft per sec, | 
or approximately 24 times that quantity, was accommodated with no ‘damag> 4 
to the bridge. Minor repairs were required on the downstream shoulders of 
The lower curve in Fig. 5 represents the stage-discharge relationship for the 
or ‘river upstream from the bridge. Discharges of up to 10,000 cu ft persec were — 
I necny under the bridge. © As the stage reached El. 70, the flow began to ne 
over the road. With flow over the e roadway established, resistance decreased, ; 
resulting in a corresponding reduction in both backwater upstream from ol 
bridge and differential head across the embankment. — In turn, -Teduction £ 
backwater ‘caused the flow under the bridge to decrease. By the time the 
si ‘Stage reached El. 75, water flowed to a depth of 5 ft over the roadway. Flow 
7 _ over the embankment at this point reached 24,000 cu ft per r sec whereas flow ’ 
under the bridge fell to less than 2,000 cu ft per sec. to Juris 
The backwater upstream from the bridge reached a maximum of 0.37 ft 
for the stage at El. 70. The differential head across the rieterketons' 
double this amount for the same Stage but fell to 0. ft as 
Measurements indicated that the highest mean velocity attained under the | 
_ bridge was 4 ft it per sec at approximately El. 70, decreasing to 0.7 ft per sec as a 
the stage approached El. 75. The velocity ove over + the roadway reached a maxi- a 
> | mum of approximately 2 ft per sec at El. 70.3, decreasing to approximately mately — 
0. 7 ft per sec for river stage at El. 75. 
The g greatest test withstood by the bridge foundations occurred, therefore, 
not at the peak flow, but at 10,000 cu ft per sec. For greater flows the dis- a 
and velocity under the bridge decreased. The greatest threat to the 
superstructure occurred at the peak of the flood when timber and debris lodged 7 
against it, but with the low velocities prevailing a at that time even this 9 was not | 
The outstanding factor contributing to the safety of the bridge is the © 
surprisingly large capacity of the roadway when it is operating as a ‘submerged 
_ broad-crested weir. To illustrate, one might investigate the capacity of the 
roadway when acting as a broad-crested weir with 5 ft of head upstream and 


‘% without downstream submergence. 4 Assuming a coefficient of 3.0 and a eal 


= 3.0 X 7,500 X = 252,000 cu ft per sec. 

If essentially the same e upstream conditions prevail but the downstream T 
ee level is 4.75 ft above the road grade, making the submergence 95%, the _ 
coefficient of discharge for this condition, as shown elsewhere,”* would be | 


rge Characteristics of an Embankment-Shaped Weir,” by Gunnar , thesis pre- < rr 


Sigurdsson, 
sonted ¢ to the Geon ia Institute of Technology, at Atlanta, in 1955, in "partial fulfilment of the requirements va 7 
for the degree of Master of Science in Civil ingineering. Tt 
=“Flow of Water over ond | and Highway Embankments, D. Yarnell and | F. A. A. Nagler, 
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iw ie in Rew 2.2 7,500 > X 5%? = 185,000 cu ft per 


‘Thus, , with 95%, submergence, flow over ‘the roadway ‘will still ditties about 


of that for the free-flow condition. Thus, this favorable characteristic of 
the submerged broad-crested weir should not be discarded from bridge design 
without serious thought, 
_ Enumerating the advantages of the » sagged roadway used in bridge design: 
1, The bridge waterway and foundations can, in many ¢: cases, be designed 
for a moderate flood rather than for an extreme one with considerable saving 
2. Backwater will be reduced materially once flow over the road is sestabe 
; ‘lished. _ This is important when parts of towns or improved property exist on 
fe 8. With the reduction in velocity the peak-flow loads placed on the sale 
superstructure by floating debris will be lessened. 
me 4, A saving can be effected in the cost of the sagged roadway embankments. 
a 5. If hydrologic ¢ computations ¢ should pr prove : inadequate, loads placed on the 
_ bridge by floods of unforeseen magnitude will not alter conditions materially. 
be 6. Safety of the motorist is all important. Water on the roadway fi forms 
own ‘barricade, but an unbarricaded, washed-out bridge is much more 


~The to be weighed these is ‘ 


_ the occasional interruption of traffic and the resulting inconvenience and 
expense to the motorist caused by detours. For roads carrying a heavy volume 
of traffic this can well constitute the decisive factor. 
te The sagged-roadway design need not be limited to secondary roads but can 
be used to advantage on any highway where flood-plain conditions are 
favorable. The difference in concept between | the secondary road and the 


f modern highway lies only in the period of "time to be allowed between in- — 


undations of the sagged part of the roadway. Where a bridge on a secondary 
road may be designed for a 20-yr flood, the bridge on the modern highway may Z _ 
_ be designed for a 50-yr flood. In the first case, flow over the road would be 
: expected to occur on an average ‘of 5 times every 100 yr whereas, in the second | 7 
7 case, ‘it would be expected only twice. . However, both bridges could be sub- 
4 jected to an n unexpected 500-yr flood without loss of the bridge proper. aan 
oe The foregoing indicates that neither the low nor high approach embankment — 
is entirely satisfactory for bridge design on primary roads. _ As stated previ- 
ously, the principal objections are the interruption of traffic with low embank- 
oa = and the initial bridge cost with high embankments. A compromise may 
_ ‘Tetain s some of the advantages of the low embankment design whereas a is a reduc- 
tion in | the height of the high embankment type will be favorable from a cost 
_ Standpoint. JA comparison of average annual cost for alternate designs is 
‘Suggested. _ In such a study the cost of traffic delays and repairs due to flood — 
seria to upstream | property, reduced to average annual cost, should be a added 


the annual cost of amortizing the investment. 
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with current (1956) thinking in regard to bridge design on wide and reasonably 
wide flood plains. Information on low-cost embankment protection will un-— 
- J doubtedly_ be in demand. . Therefore, further research on the subject, accom- 
a . panied by prototype verification whenever possible, should stress simplicity of 


Another phase of research in connection with 

“ might be the fuse-plug design mentioned by the author, which sacrifices { 

section of roadway embankment to save the bridge during extreme floods. iy 


would be provided adjacent to, but omitted at, the plug. 


4 necessary to 1 rebuild or repair damage to a bridge. Thus, if one must 4 “2 
eater cave? the Ute ot siala bool 
Cart E. Kinpsvater,” M. ASCE.— —Highway embankments in valley 
- regions are inundated when flood discharges exceed the combined normal 
a capacities of bridge and culvert waterways. _ Such an occurrence may be an © 
unexpected disaster or it may have been anticipated in the design of the — 
2007 S000 ton fliw ebutingaa low io ebook yd 
: In those sections where highways are required to cross many miles of flood e 
a plain or swamp, planned periodic inundation of the embankments may be an 
economic necessity. This i is especially true for roads which are of less than 
4 primary importance in the transportation system. The savings which make 
a plan economically feasible usually result f from lower 
4 ee bridges, and smaller or fewer culverts. Tending to offset the savings, — 
_ however, is the cost of preventing or repairing the damage due to submergence _ 
. 4 Mr. Posey has described a m method of preventing damage to highway i 
embankments which are subject. to inundation by floodwaters. His 

* clusions, based | on original research and analysis, show the advantages of a 2 
blanket of rock sausages as a . protective device. His report, therefore, is a a 
contribution to highway design as well as to highway-maintenance practices. 

a his research the author was specifically concerned with the comparison < 

of ‘different n methods of preventing flood damage toa . typical highway pis cs 
- a ment under representative conditions of submergence and overflow. It was as 
logically beyond the scope of his investigation to study the wicked of 


overflow. Nevertheless, a complete understanding of the ‘Tequirements fo for 


4 adequate protection will ultimately involve the discharge | characteristics of 


the embankment. It appears appropriate, therefore, to add to the author’ s 
excellent 1 report some comments regarding the flow of water over highway 


a Sa based on work at the Georgia Institute of Technology at 

- Intermittently since 1947 the writer has been engaged i ina study of embank- 


hydraulics, beginning with his ‘direction | of a hydraulic m odel study 
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_ sponsored by the Georgia State Highway Department at the og 
Laboratory of the Georgia Institute of Technology. _ _ The study v was subse- 
quently continued as a thesis* sponsored by the Society’s J. Waldo Smith 
‘Hydraulic Fellowship. lt is the. 1e subject of a second thesis which is partly 
‘supported by the Geological Survey, United States. Department of the Interior 
The experimental phase of this research has been concerned with the 
overflow characteristics of a single form of embankment. Tests covering Ge. 
; full range of normal flow conditions have been conducted on several two- 
dimensional models, all having the shape shown in Fig. 6. The information 
collected includes surface profiles, _velocity-distribution Measurements, and 
_ discharge calibrations. The current (1956) investigation is concerned primarily — 
with the internal characteristics of the flow pattern, including the character 
a and influence of the boundary layer. . The subsequent comments, however, 
Py emphasize the external characteristics of the flow pattern. — It is believed that 
it is this knowledge which is most essential to a better understanding of the | he 


. requirements for embankment protection. 


_—EMBANKMENT Secrion (SYMMETRICAL 


structure, ‘the highway embankment is a of 


a crested weir. Depending on the boundary configuration, the rate of flow, 
the roughness | of the surface, and the relative height of the tailwater, t the 
- discharge over an embankment may be described as ‘either “free” or “sub- 
al _ merged” flow. ‘ Free flow occurs when the embankment acts as a control 
section that is, the ‘discharge is controlled by the ‘upstream water, level. 
Therefore, it is associated with low tailwater levels. ‘Submerged flow occurs 

_ when the discharge is controlled by the tailwater level as well as the headwater 
The tri og an merg 

Free flow i is. further as “plunging” flow and ‘surface” 
Plunging flow occurs when the ‘discharge over ‘the downstream. shoulder 
continues to follow the surface of the embankment, thus plunging under 

the tailwater. _ When the flow is plunging, maximum erosive velocities occur 

‘over the ‘downstceam face of the embankment. Surface flow occurs when the ~ =) 
discharge separates from the embankment surface at the downstream shoulder _ pet 
BS and “rides” over the surface of the tailwater. Thus, when surface flows occur 


onive tendencies are a minimum. In general, plunging flows occur when 
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_ _KINDSVATER ON EROSION PROTECTION ay 


lov level is lows surface flows occur at higher tailwater levels. 
It was first demonstrated during the exploratory tests at Georgia Tech in 
1947 that the transition from plunging flow to surface flow, and vice-versa, 

occurs within a well-defined range of tailwater levels. It was also demon- 


strated that the tailwater level at which the transition occurs is critically © 

- related to the history of the overflow. That is, if the flow is initially plunging | 
and the e tailwater i is low, the plunging flow will persist as the tailwater level’ * 
rises to an upper limit before changing suddenly to surface flow. H ‘This sequence q 


— tailw ater is initially high and the discharge is is a surface flow, ‘this condition will 
my as the tailwater level drops to a lower limit before changing to plunging — 
id ssh This sequence of events would normally occur during a falling flood 


4 to the t upper and lower limits. 
ali 2 03 teow. cijlaule agbulaoga 
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> Vertical distance 


> 


= 


"The stability or ' persistence of f the flow patterns within the transition range 
- is related to the inertia of the large, horizontal-axis rollers which oceur down- 
stream from the embankment. It is significant that the transition range — 


eres the limits within which 7 total energy losses result from either of | 
_ Fig. 7 shows measured water-surface profiles for typical 1 : 6-scale model — 
illustrating the various flow | Tegimes described. ~The transition range 
within which free discharge | can be ‘either - plunging flow or surface flow is 
identified by the profiles marked c, which i is the upper limit, and d, which i . 
the lower limit. The remaining profiles are a, submerged flow ; b, incipient 


_ From the same series of tests, Fig. 8 haiié ‘the transition | range tn terms 
oft the tailwater ratio, On the basis of these tests, which were among the 
first. completed, it was concluded that the limits of the transition rs range could | ¥ 
be predicted accurately. It was recognized, of course, that the limits of the Bt 


“a range n might be influenced by the shape of the embankment. ity was also 
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during surface flows could be ‘stimulated by ‘artificial 
‘means. The result would: be to lower the upper limit of the transition in range * 
and thereby extend the r range of tailwater levels in which the occurrence of | 
_ surface flow would be assured. The practical significance of this reasoning wi 
was related to the assumption that surface flows are less ¢ erosive than plunging 
flows. From the results of his 1 research, Mr. Posey has doubtless formed an 
‘opinion regarding the correctness of thisassumption. 
‘The extent to which very slight variations in boundary characteristics — 
would influence the tailwater limits of the transition range was revealed by — 
subsequent experiments on other models. Three embankment models have 
Deen i involved, each built to a different scale (1:6, 1:9, and | 1:12) but all built 
-_ to simulate the cross section shown in a Fig. 6. In addition, several degrees of 
boundary roughness have been involved. It was soon apparent that each 


_ model and every modification of each model could be characterized by distinc- — 


the 0.2 
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tive variations of the curves shown in Fig. em . The curves es obtained from each — 


7 the results of the tests and the 

extreme sensitivity of this relationship t to the of the 
shoulder was demonstrated by a special series of tests on the 1:9-scale model ' 
In these tests a wire of <.09-in. diameter was fastened to the downstream edge > 
of the shoulder. As a result, values of t/h corresponding to the upper and 
lower tailwater limits were changed an average of 15%. Iti is understandable, 
that ‘the different models failed to define a “single characteristic: 


Bremen of the kind shown in Fig. wa is also apparent that the flow 


that the flow pattern from this: shoulder i is unaffected 
the causes of the transition phenomena 1 it follows that, because the control 
section is at or near the crown for all free-flow the head- discharge 
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—< relationship i is 5 unaffected — minor nor variations in the shape of the downstream 


surfaces of the embankment. « of: xd fue Lest sd T eile, om 
The studies have included an investigation o of the discharge c characteristics . be 


on the different were remarkably similar. It wasrevealed,forexample, 
~ 4 that the relative depth o of tailwater required to produce incipient submergence ll 
7 is only slightly influenced by. discharge, embankment height, and roughness. nam) 
Thus, incipient eubmergence for practically all the conditions investigated 


- occurred when the height of the tailwater measured above the | crown WaS 


0.85 times the head. That is, the head-discharge rge relationship 


unlike the transition from plunging to surface flow, the transition from tree to 
ws submerged flow occurs at the same value of ne wal we the rising and wites 
q 


4 enough to pass the largest floods without causing the upstream water level ie 
exceed the level of the adjacent embankments. This, of course, presumes : 
4 adequate knowledge of the hydraulics of bridge waterwa 
has been largely nonexistent until recently. 
_A comprehensive research program on the hydraulics of bridge openings — 
was begun in 1951 by the USGS under the writer’s direction. , As a result, — 


several which describe both the discharge characteristics 


_ and the backwater characteristics of single-opening bridge waterways are now 
- available. This work has involved field studies as well as laboratory ae 


‘The laboratory investigations are now being extended to multiopening 
R. Neexey. sausages have been effectively used for 


erosion control on the Bureau of Reclamation (United States Department of 


the Interior) Moon Lake project in He Basin of eastern: 


canal.** This canal the river for a of 1 
. _ ft near the diversion point, approximately 6 miles east of Duchesne City, | Utah. ‘ic! 


| ‘The peak flood flow of the river has reached 9, 000 cu ft per | sec and ‘normally — 7 


- ranges from 200 cu ft per sec to 1,000 cu ft per sec during the summer. “Sausages ; 
also were provided for the Yellowstone Canal i in Cottonwood, Wash., 20 miles 


The Uintah Basin has a complex geologic history. The high Uintah 
- Mountains are composed of limestone, sandstone, shale, and quartzite. 
‘ Erosion by the glacial- fed streams 1 erials” 


™“Tranquil Flow Open-Channel Constrictions,”” by Carl E. Kindavater and Rolland 


ae! “Computation of Peak Pinshoree at Contractions,” by C. E. Kindsvater, R. W. 
£84, Geological Survey, U. 8. Dept. of the Interior, Washington, D.C.,1953. 


“Backwater Effects of “Channel Constrictions,”” by Hubert J. Tracy ant Rolland W. Carter, 
ie Area Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, Spanish Fork, ee 

for Erosion Control,” by Parley R. Movember. 1086, 
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i= 
to the lower valleys, depositing sediments and quartzite boulders 2 along the 
Streams and forming large, sloping benchlands. Subsequently, the streams — 
cut deep canyons through to the underlying rocks. _ The exposed shale, soft 
sandstone, and shale-formed sediments do not readily lend themselves to the 
- growth of deep-rooted protective plants, shrubs, and trees. Such growths 
as are made are frequently destroyed by the shifting of the stream channels | 
the banks, deepening the channel, or. depositing silts over the 


_-In processing road-surfacing materials near the points where erosion — 

/- control was undertaken, the Utah State Highway Department has left large 

waste ‘piles of quartzite boulders. It was decided to use these boulders for 
the rock sausages. The use of rock sausages had been effectively demon- 

_ strated by the Denver and Rio Grande Western Railroad Company during i 
1952 early spring runoff of mountain streams which approached the 50-yr 
ss Each rock sausage was constructed by taking a 10-ft-long piece of 32-in., é 
hoe fencing and then folding and lacing the two edges together with wire. = 

ss result was a cage approximately 34 ft long and 20 in. in diameter which, 
when standing up, had a closed bottom and open top. The wire cage was 

filled with cobbles, the top was laced together, and the sausage was then ready 
for placing. Treated native timber piling was driven, and timbers were 

_ spiked horizontally between the piling. The sausages were stood on end, two 
tiers high, in back of the timber piling, and then were continued on the sloped _ 


-. The cost of preparing and placing the unit would have been less than 

_ two-thirds: the estimate for quarried-rock riprap, had such a quarry been in 
close proximity to the work, and about one-third the estimated cost of riprap | 
with quarried rock from the minimum distance evailable—-epproximately 


hs 


= as one ee compact piece. ‘The eddies set up by the irregular surface 
tend to encourage deposition of silt. The unit was flexible, ‘settling snugly 
_ into the soft foundation, and it was easily handled by hooking a dragline into — 
the wire mesh for lifting and placing in position, _ The uniform size of the - 
24 sausages made a closely knit, compact surface resistant to erosion or shifting. 
_ At the time the Yellowstone feeder canal was constructed the natural | 
channel was used to convey water for approximately 2 miles from one con- 
: structed part to another. It. was not considered necessary to protect the 
‘ten of the natural channel because the channel was in a remote area. — How- 
- ever, erosion was causing an expensive operation and maintenance problem — 
in the canal below the natural channel. Rock sausages placed in the natural | 
channel did a remarkable job of erosion control. Native cedar (juniper) posts — 
Bis 3 were placed at 8-ft intervals, hog wire 3 ft high was stapled and wired to the "a 
posts, and the were ‘Placed back of this wire vertical 7 
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iy banks ranging in height from 15 ft to 40 ft were trimmed to veugeuieaily 
i= a 1:14 slope. Not only was the erosion practically stopped but grass and 
willows took root in the silt retained by the rock sausage. The channel — 
_ normally carries about 80 cu ft per sec and has at times exceeded 100 cu ft 
Rock sausages have a place in erosion control and are adaptable to many _ 
conditions. The sausages are easy and economical to make, can be readily 
“4 handled, and permit the utilization of rock fragments usually found adjacent yt 
S to the point where erosion control is needed, without undertaking an expensive _ 
borrow-and-hauling operation. ' The fine materials retained between the rocks 
allow the growth of protective grasses and willows. 
Cuestey J. Posry,” M. ASCE.— —The contributions of the discussers provide 
‘much information “concerning flood erosion protection not included in the 
- _ paper. Mr. Matthes’ report on the European use of rock sausages and Mr. 
Lane’ reference to the ancient Chinese usage are especially welcome 
_ application. The writer’s approach ignored the literature, at least i in the first 
stages of the investigation. However, if the customary historical review had 
been undertaken before the experiments were started, the observations of the __ 
_ mechanism of riprap protection would not have been made and the necessity _ 
7 for T-V grading of protective layers not discovered. These observations point ‘ 
the way to. developing a a completely dependable technique of rock-sausage 
_ The data comparing the cost and abrasive resistance of steel wire with the — 
ordinary galvanized-iron wire mentioned by Mr. _ Matthes | raise the question — 
’ of whether the wires were comparable to those used in the United States or _ 
_ whether stainless- steel wire was used. For the protection of the flanks of — 
—— against water flowing down the slope, ‘Spiral- woven mesh = 


; insures that the sausage unit will maintain good compressive strength. da 
_ The sound argument presented by Messrs. Izzard and Bradley for the re- 


examination of the basis for constructing elevated road embankments deserves” 
careful by designers of highway- bridge crossings. 


tu the writer to be enutions in predicting when and where erosion will be 

severe, he a agrees that surface flows are likely to be less erosive than plunging 

y flows. The tests described in the paper were all made with minimum tailwater — 
_ because it was desired to subject the embankments to the most severe tests. 7 

Preliminary | experiments showed the « ‘condition of minimum tailwater to be 

- even more severe than the case with a hydraulic jump forming on the slope. 
The hydraulic data « described by Mr. Kindsvater are of importance if the 
economic balance envisaged by Messrs. Izzard and Bradley i is to be evaluated. 


™ Prof. and H Head, Dept. of Civ. Eng., State Univ. of Iowa, Iowa City, Iowa. hap 
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BLES 502 AIMA 
The total costs involved are for the United States as 
_ whole, making the hydraulic experimentation especially urgent. = 
mar Hubert E. Snyder, M. ASCE, has cited by letter the case of a highway { fill 
built across & tebdevoir, realizing that it would occasionally be 
_ overtopped by flood waters. The fill successfully withstood one flood, on 
to be washed out under a later flood of approximately the same magnitude. | 
In the interval a plate-type | guard rail had been installed, and it was ‘thought a, 
that the presence of the guard rail and posts caused the failure. That con- 7 °, 
, siderable differences in the flow pattern might be expected i is shown in the _ 


y Mr. Kindsvater. The effect of handrails on hydraulic and erosion 


characteristics needs further investigation. It the writer’s opinion that 
- eable guard rails carried by slender posts, preferably of steel and carefully — 
‘installed between sausages, would not appreciably affect the erosion resistance cv? 
Mr. Neeley describes an application of rock-sausage protection which has 7 7 
provided an economical solution | | to a difficult erosion problem. Again, th 
Bases would suggest spiral-woven fencing which—although not as widely ;. 
available as fencing marketed | for agricultural purposes—is better for this 7 
special purpose and. should be cheaper in quantity b 


manufacture: and ‘much e: easier “sew” in the field. 
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AMERICAN 


TRANSACTIONS — | 


RECOVERY OF USABLE WATER FROM i 

» ¥ld 


DAviD B. SMITH. A, M. ASCE, AND CHARLES 


ounrertin RICHHEIMER? «he 


uture water demands require that all sources of water be used, and one 
- potential source is in the vast quantities of saline water. The various methods 7 


for recovery of usable water from ‘saline waters are cited herein, and | the 

economics of each process are developed. 

ina ithin recent years much interest has been centered on the research ond 

development program adopted to recover usable water from saline water. 


‘This interest has been promoted for the most part by the Saline Water Con- — 


version: Program of the United States Department of the “Interior. This 


_ program was started in 1952. At the outset it was realized that the success of q 
any technique or apparatus for recovering usable water from saline water 
must | be judged entirely by the cost. _ Ar report* clearly illustrates this point: 


aay. the beginning | of the Saline ‘Water Conversion + edna the cost of 

_ converting sea water was estimated at about $400 to $500 an acre-foot. — 
Accordingly, two arbitrary criteria were set for the initial 5-year phase of © 

4 the program, one for water for municipal and similar purposes and one for 

irrigation water. For these criteria no distinction is made as to whether f _ 

the water to be converted is sea or brackish water. These goals were — 
and $40 per acre-foot (38 and 12 cents per 1,000 gallons) respectively and he 

ee were believed, on the basis of data then available, to represent about 


the maximum that could be — pio! these — of use.’ 


various methods for fresh water from saline water in 


, ¥ ‘Nore. —Published, essentially as printed here, in February, 1956, as Proceedings Paper 890. Positions 
and titles given are those in effect when the paper was approved for publication i in Transactions. © 
Prof. of Civ. Eng., Univ. of Florida, Gainesville, Fla. = 
= Partner, Reynolds, Smith & Hills, Archts. and Engrs., Jacksonville, Fla. 


um 
*“Third Annual Report of the Secretary of the Interior on — Water Conversion,” v. Ss. . Dept. of < 
he Interior, Washington, D. C., January, 1955. 


of Saline Water with Solar Energy,” b . O. G. Lof, and Develop ment 
o. 4, Saline Water Conversion 8. AS, of the Interior, WwW 
August, 1 
“Review of Research on of Utilization of Saline Water, United Nations 1 Educational, 
Sei tific and Cultural Organization, York, N. Y., April, 1954. 


_ Fresh Water from the Ocean,” C. B. Ellis, and members of the staff of Nuclear Development _ 
Associates, Inc., Ronald Press, ‘york, 
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USABLE WATER 
ova 


d as either — 
(1) a proven method, for which is available; (2) an 
- . proven method, for which standard equipment is available; or (3) an unproven 
method, for which standard equipment is unavailable. (The term, ‘ 
| dalligtiites those methods for which long-time operating data exist on a suc- 7 
_ cessful plant-scale installation. ) | The first group of methods includes v various — 
types of distillation processes. The second group includes the direct ion- 
“exchange method and the electrodialytic method. The third group consists _ 
of demineralizing techniques, such as solar evaporation, freezing, reverse 
osmosis, and high temperature and pressure distillation. None of the tech- 
niques in the third group, however, is sufficiently developed to permit a cost | 
comparison with the methods: listed i in the 1 first two ) groups. 


TABLE 1- —CHARACTERISTICS OF A abe! Waren ‘Water MAY 


Total dissolved solids, in ppm (1,617 
Silica as SiQs, in ppm. . 
Manganese as Mn, in ppm Me. 
Calcium as Ca, in ppm ald uni, 128 
pail! Sodium and potassium as Na, in ppm. d 2876 


uoride as F 000, 
Nitrate as in ppm i it alll 
Noncarbonate hardness as ‘CaOOs, i in ppm 
Total hardness as CaCOs, in ppm yar ost 


(cobalt scale) 
alkalinity as CaCO:, in ppm ala wast stagitas 


Adjusted. 


. tr Ae Attempts that have been made to recover usable water from saline water _ 


can best be presented | by comparing the unit-treatment costs of each method 


when it is toa saline water of given characteristics. 


Raw anD TREATED WATER CHARACTERISTICS 


. a illustrate the problem it is assumed that 2.00 mgd of treated water is 
_ furnished from a deep-well supply producing raw water of the quality indicated b. 
in Table 1. In general, the objectionable qualities of this water are (1) a high 
solide content, (2) high chloride content, and (3) a high total- 
hardness” content. Additionally, aeration and stabilization are needed 
produce a nonaggressive, stable effluent water free from objectionable tastes 
and odors. If the quality criteria of the treated water are to conform to the — 
— Health Service (United States Department of Health, Education and 


Standards» (1946), is needed of the’ 


= 
— 
i. 
> 
‘a 
— 


chloride concentrations and of the total dissolved-solids 
shown i in Table 2. Also, the 581-ppm total hardness should be reduced to the ’ 
upper limit of 100 ppm which is normally accepted for municipal water supplies. — 

_ Successful treatment of the raw well water to meet these standards would — 
produce effluent water that would be generally satisfactory for 


il TABLE 2. —ComPantson or Raw W ATER CoNSTITUENTS WITH “= 


Constituent wor Raw water val itora og 1948 


‘ 


In evaluating the various processes of the methods used to. meet these 


_ water-quality etiam, it is necessary to estimate the capital outlay, the oper- 


ze ‘the finished water red The estimates given herein Tepre- 


estimate for renew als needed to maintain the initial ‘equipment in 


TABLE 3.—Esrmatinc Unit Costs 


hap per 
Ber 


0.0215 per Ib 
per Ib 


: 0.0085 per Ib 
ee condition for an indefinite period of time. The total capital costs 
7 are based on an interest charge of 3% and on a 25-yr amortization period, : 
a which results in a gross annual charge of 5.74% of the capital outlay. = 
4 ye Although the necessary costs for effluent stabilization and for taste and 
- odor control are included in the cost estimates, it has been assumed that 


y standard aeration and chlorination procedures will reduce the hydrogen-sulfide _ 


= By 


‘TABLE 4.—Cost EsTIMATES FOR 


a 

— 

@ 

— 

3 

a chemicals, labor, and power which were used in the various estimates. The 

equipment costs used were price quotations by manufacturers and an estimate 
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USABLE WATER 
wl 


to a a nonobjectionable level. It has 

‘ effluent stabilization is accomplished by the addition o of silicate, lime, soda as ash, 
“or flue gas, as required. Primary considerations are thus resolved to methods 
the total solids, and total-hardness concentrations. 


Ev APORATION 


of e ev vaporating a Bey of the saline water, _ after which the vapor is condensed 
a er produce fresh water. In multiple-effect evaporation the vapor from one 
I ern is condensed in heat-exchange units of the next stage, in which steam is 
teh produced | from brine a at a temperature an -and a pressure le less than those 
of the previous stage. _ Several stages may be used but three stages seem to 
be the normal limit. ‘This method has been developed commercially, and, at . 
a present (1956), almost all fresh water is recovered from saline water by one 
. n order to produce a finished water (with a chloride content of not more 
<= “a than 250 ppm) from the raw water (Table 1), it would be necessary to produce 
_— a distillate at a rate of 1.24 mgd. WwW hen the effluent water is mixed with 0. 76 aS 
aol of water which has bypassed the evaporators, it would satisfy the criteria = 
a, for chlorides and total-solids concentrations, but it would contain 221 ppm of _ 
, total hardness. The by ypassed water would therefore require partial softening 3 
‘aba to reduce the hardness constituents of the final product to 100 ppm. For this — 
purpose, sodium-zeolite softeners are satisfactory | and been used to 
determine the costs involved. Table 4(a) presents a an estimate of the over-all 


<i) me. costs for producing 1,000 gal of final effluent ‘by means of a multiple-effect e 
: [ evaporation plant designed and operated at a rate of 2 mgd; the cameo 


Varon-COMPRESSION 


a vapor-compression distillation process: is s used. This p process operates 0 on the 
or, heat-pump principle in which the latent heat of vaporization is continuously 
reused. The unit fi first vaporizes water from saline water at atmospheric 
pressure. vapor is then compressed to raise its pressure » and temperature 
and is returned to the heating side of the evaporator tubes where it condenses. — 

In this: process substantially all the latent heat of vaporization is transferred 
back to the boiling brine; the fresh-water condensate is then withdrawn. _ 4 i 
aka In estimating the costs of treating the raw water by vapor-compression 4 

¥ : distillation wi units, the distillate production, as well as the water bypassed and 

.3 softened, would be the same as that achieved in the multiple-effect evaporation — 
ray process. Table 4(b) gives the estimated cost data for treating the raw water — 
¥ so as to meet the indicated standards of dissolved solids, chlorides, and hardness _ 
 gontent. If diesel-driven compressors are used to compress the water vapor _ 
and if sodium-zeolite units are used to soften the bypassed water, the estimated — 
over-all cost of 1 on of finished is as in Table 3 


— | dati 
— 
a | har 
wat 
and 
salt 
| 
| Bay 
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i= 
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ane 


third process which uses the vaporization principle i is flash- -ty pe distil- 

“lation. — In flash evaporation, saline water : at a given temperature and pressure 

oe _ js released into a chamber of lower pressure where the water vaporizes. The 


vapor | is then condensed i in cooling chambers by the incoming raw saline water 


Finished water containing 250° ppm of chlorides and 100 ppm of total 
ber could be produced from the raw water by flash-evaporation equipment aivand 
capable of furnishing 1.24 mgd of distilled w rater; this total hardness could 

also bi produced by partial softening with sodium zeolite of 0.76 mgd of the - 

by passed raw water. Table 4 (c) gives an itemized list of the estimated over-all 

costs, which amount to $1.37 per 1,000 gal of finished water. eee X 


the principle has long ng bon wed in 


exchange to water of less than approximately 2,500 ppm of dissolved salts. 
_ However, because the water selected for the present analysis contains only r. 7 
dL 617 ppm, ion exchange may be considered to be a feasible treatment method. °<- 
_ A finished water, containing 250 ppm of chlorides and approximately 630 . 
Ppm of dissolved solids, may be obtained from the raw water described in 
Table 1 by demineralizing 1 24 med i in ion- ~exch range units and by mixing the ba: © 
treated water with 0.76 mgd of bypassed raw water. The total hardness of 
the finished water could be reduced to 100 ppm by the softening with sodium 
zeolite of 56% of the ‘by ypassed water. This would thus produce a finished 
water complying with the desirable water-quality criteria. Table lists 
the estimated over-all costs which amount to $0. 87 = 


at adt go stab 


bol ie most recent development. (as of 1956) in methods used to recover 


A usable water from saline water is the electrodialysis process which utilizes the S = 
properties: of semipermeable, selective ion membranes.* This process removes 


amounts of anions and cations almost without 


to the i ionic constituents present. 


na 


ot The water of the present example contains 192 ppm of calcium and magnesium, 
f which is a ‘concentration greater | - than is considered safe to apply to the mem-— 
branes. _ Pretreatment methods are, therefore, desirable to reduce the calcium — 
and magnesium ions to minimum feasible concentrations. The over-all 
‘production ca costs will be increased accordingly, but the membrane operating — »” -" 


“"The Works Saline Waters: A Review of the Present Status,’ by E. W. Moore, Journal, 


*“Reclamation of Saline Waters by i a Shows Promise,” by Rolf Eliassen, Civil 
ngineering, Vol. Vol. 24, 1954, —_ ©. 


a, 
— 
t 
e | and anion exchangers have made practicable the complete removal of dissolved — — 
6 
yf 
ig 
— 
= 
re 
Magnesium cations tend to precipitate on the membranes. This shortens 
| — 
= 
¢ : 
— 
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+ life, a major factor in determining tl the over-all costs, may t then be estimated ; 


It has also been determined that the optimum demineralization rate in the — 

sd * electrodialy tic units is 40% of of the feed- water ionic concentration per treatment — 

ss 7 stage. The ‘optimum wastage 1 rate is 20% of the product water regardless of 
_ r the number of stages used. For the present example, a two-stage treatment 

plant would be required to remove 64% of the original chlorides (40% of the 
original concentration plus. 40% of 60% of the remaining concentration), or 

to produce a finished water containing 232 ppm of chlorides. In producing 
4 2. -00 mgd of finished water, the wastage rate would be 0.50 mgd requiring a 


feedwater rate of 250mg. 
‘There are at least two processes to reduce the calcium and megan 
content. of f the feed water—sodium- zeolite and lime-soda as! ash softening. -Lime- 
soda ash pretreatment would reduce the hardness content to approximately 
40 ppm and would not alter significantly the total dissolved-solids content. 
-_ Sodium-zec -zeolite pretreatment would reduce the hardness } constituents to almost. 
 gero and would increase the total dissolved ‘solids ‘approximately 5%. 
estimates show that the over-all costs per unit of finished water are approxi- 
mately equal for each method. Therefore, the sodium-zeolite ‘process has been 


— for the « example cited herein because it accomplishes greater hardness 


: Finished water containing 232 ppm of chlorides and 507 ppm | of dissolved 
salts (as sodium chloride) may be obtained from the raw water described in 
Table 1 by producing 2.50 mgd of water softened by sodium zeolite and by Pi 
passing the entire flow through two ‘Stages of the electrodialytic units. he 
- finished water would be quite soft but would meet the quality criteria cited x 
previously. Total over-all costs are estimated to be $0.65 per 1,000 gal of 3 

7 { finished v water, as shown i in Table: 4(e) - Thee costs are based lon salt-regenerated — 
~ geolite beds, but further economies can be realized if a source of sea water or 
brine is available for regenerating the zeolite units.® 
‘There are some experimental d data on 1 the use of acid pretreatment of the - 

7 feed water to render | presoftening unnecessary. 10 The initial results are prom- 

4 ising and, if this technique is successful on a long-time basis, the estimated 4 


over-all costs per 1,000 gal of finished water may be | reduced materially by 


eliminating the construction, , maintenance, and operationa costs of the sodium- " 
zeolite-softening units. It would be necessary, however, to include cost — 
4 estimates for | the acid pretreatment and for the subsequent additional pH- 
- factor adjustment of the effluent water, as shown in Table 4( fy. The esti- 
mated total over-all costs are $0.48 per 1, 000 gal of finished water. aa, 
‘The last line in Table 4 summarizes the estimated over-all unit costs of the 7 
various methods considered herein, in addition to the cost estimated by the 
_ Saline Water Conversion Program, to be approximately the maximum cost — 


4 “Third Annual Report of the Secretary of the Interior on Saline Water Conversion,” U. 8. Dept. of 
Interior, Washington, D, C., January, 1955,p.49. 
Pew 


a “ — *“Sea Water Regeneration of Zeolite Water Treatment Plants,” by Charles E. Richheimer, Southern — 
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cost cited, it is seen that the electrodialy process 
_ demineralizing water is (as of 1956) the most economical means of recovering » 
= usable water from water of low w salinity | levels. . Although t the o over-all unit 
costs 3 of production ar are high, continuing research and development should 
improve existing methods or produce newer metheds that will permit sig- 
nificant | cost reductions. It is not yet possible, however, to recover usable — 
a water from moderately saline waters at costs that compete with conventional » 


treatment and and supply | methods. ¥ 
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“OF CIVIL ENGINEERS: 


The main objectives of this paper are (a) t the conditions of 
stability of progressive, oscillatory gravity waves in water flowing over r smooth a 
and artificially roughened surfaces and (b) to evaluate the combined effect on 5 
_ the wave propagation by various interrelated characteristics of flowing water, 
ol ‘such as viscous shear, turbulent mixing shear, and nonuniform velocity distri- . 
bution. Because neither experimental nor conclusive theoretical results are 
available for solving the problems discussed herein, it is necessary to evaluate =~ 
the effect of various characteristics of flowing water on the velocit 
_ Wave propagation by comparing results with those obtained from available — 
theories, particularly those of G. G. Stokes* and D. J. Struik.* 
For stable, ascendant, oscillatory gravity waves in in smooth and artificially 


roughened rectangular channels, the period and various geometrical character- _ 
_ istics were measured for range of depth, velocity of flow, and settings of the wav i a 
generator. The The following results were obtained : gee 


For a given flow | there is only one stable wave. other waves 
_ show either an epepentie damping or an amplification during their propaga- 
tion along the channel. It is easy to ‘separate the two regions by means of the 
A surface of neutral stability, which was determined experimentally and is 


im) 2. The celerity of a stable ascendant wave is smaller than that obtained from 
_ the theories of Messrs. Stokes and Struik. The deviation in wave velocity from 


that obtained from potential theory increases with increasing Froude numbers — 
decreases with increasing Reynolds 
3. For a channel with an artificially roughened bottom, the deviation -. 


greater r than that for a channel 1 with a smooth bottom. ‘ 


“ _ 4, As described by Mr. Struik, the experimentally determined ne 0 
stable waves about the theoretical profiles. 


ar Research Engr., Massachusetts Inst. of Technology, Cambridge, Mass. er "A 

*“On the Theory of W ‘aves,” by G. G. Stokes, Transactions, Cambridge Phil. Soe., Vel. 

“Détermination rigoureuse ondes irrotationelles dans un canal & finie,”’ 


y I D. J. Struik, Aus Aansion, Vol. XCV, 1926, pp. 595-634, 


the 
| 
a 
; 
: 
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knowledge of the waves in flowing water is import- 


ill ant from both scientific and practical standpoints. This knowledge i is necessary 
= ‘ in the case of the penetration of waves into an estuary and in the ePrice = 
7 pe of scour in the river bed caused by either ascendant waves or descendant waves” 7 


1 generated by wind. a The analysis of all these problems requires, first of all, - 
tas f a knowledge of the laws governing wave movement in a nonerodible channel. a 
Until the 1930's, knowledge of the motion of oscillatory gravity waves 7 


water was based for the most part on theoretical studies. — Several rigorous 
solutions were obtained, differing from each other chiefly in their results for the _ 
motion of the water particles involved.?3.45 becky 


Experimental confirmation of these theoretical solutions has been the main 
purpose of a number of studies. For waves in still water these investigations®:7-* or 

_ } have shown that, except fc for mass transport, the difference i in value of the v wave 

- characteristics defined by the theories | of rotational and irrotational wave 
motion is smaller than the experimental error. If waves are generated in 
Ts. water that is already in motion, there i is a difference between observations and al a 

lassie theories that results from the effect of viscous shear, turbulent 1 mixing 


shear, and nonuniform velocity distribution, = 


On the one hand, viscous action in the boundary layer produces vorticit 


_ G4 “which diffuse through the fluid and modifies the whole velocity distribution. 
. The subsequent wave motion thereby inherits a rotational motion, and the 7 


assumption of a velocity potential becomes inadequate. the other 


, turbulence ‘becomes an important factor which takes s precedence over 


Furthermore, both the velocity distribution and the turbulence 

- structure of the primary flow are completely altered by the wave motion. In - 

addition, perhaps the situation | is most highly complicated by the factor that __ 
& generated i in flowing water are not always neutrally stable;some of these 

Waves are damped and some are amplified, according to the. existing flow 

conditions. Therefore, the effect of the various factors on the propagation of 


-waves in flowing water can be evaluated but only after the conditions of neutral — 


stability have been determined. ‘pers 


os a An 1 attempt is made herein to establish the conditions of stability of ascend- bp a 


ant) waves and also to evaluate the effect of the various characteristics of flow 


Certain phases of the general problem—that is, the effect of various a: 


4 “Détermination | rigoureuse des ondes d’ ampleur fini finie,”” by Levi-Civita, Mathematische 
1925, pp. 264-314. or 


§“Mouvements ondulatoires de la ‘mer. en profondeur co constante ou by M. Miche, 
Annales des Ponts et Chaussées, Vol. 114, 1944, pp. 25-406. 


6 "A Study of P essive Oscillatory Waves in Water,” M. A. Monee, Technica 
Pas nee Beach Erosion Board, Corps of Engrs., uD 8. Dept. of the Army, Washington, D. C., 1942. ? 


_7“Remarques sur la célérité de la houle irrotationelle exacte au troisiéme " by 


as * “Basic Experimental Wave Research,” by F. Suquet and A. Wallet, Proceedings, Minnesota I cite 
‘Ratio tional Hydr. Convention, Univ. of Minnesota, Minatapela, Minn., 1953, PP. 173-191. 
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that 1 none of 


“fmt demonstrations of the incongruity between observations and the theory : 


de spite agreement in 1 still w water. _ The effect. of the nonuniform . velocity distri- - 


a - bution on translation waves has been studied in great detail by J. Boussinesq. a 
os Favre" has employed the Boussinesq integrals to describe the motion = i 
Waves occurring during the operation. of navigation locks. More than half 
century after Mr. Boussinesq’s analysis was completed, G. H. Keulegan and 
_ G. W. Patterson analy zed” the combined effects of turbulent resistance and — 


= inertia Al motion of flood waves and waves” of translation | in open 


K s. Hough'® presented a a of certain problems that illustrated the 
_ effects of viscosity on the motion of the sea. _ Mr. Hough concluded that the 
- velocity of wave propagation is slightly a tall by the resistance of the ocean a a 
_ bed, by the dissipation of energy through i internal viscosity, anc and byt turbulence. ce. 
bs J. Abdullah" attempted to solve the problem ¢ of wave motion superposed o ona oO 
current caused by winds; this current is assumed to follow the Ekman spiral 
in speed but to remain © constant in ‘direction. In comparing his results 
with gravitational waves, Mr. Abdullah found that the total effect of turbulence 


a ‘and gravity gives a velocity smaller than that provided by gravity alone. F. 


d Biésel'* has presented a theoretical analy sis of the effect of nonuniform velocity — 


4 distribution on the velocity y of propagation « of small -amplitude ¢ oscillatory — 
gravity waves in open channels; this analysis will be further discussed i in detail 


because it partly confirms the present (1956) experimental results. 
‘For: very long) waves—that i is, for large values of a L4/d—in the linearized — 


theory, J. C. Burns'* obtained a general equation, which connects the wave ‘> 
velocity with the velocity in the undisturbed stream ; the equation was solved in 

several special cases. 4 He showed that the velocity of a long wav e, which is 
relative to the mean ow, is always greater than the value given by the ‘classical 
theory. In the appendix of Mr. Burns’ paper, 16 Williams Lighthill examined 
the critical Froude number above which no » ascendant-wave | propagation is 
possible. On the basis of assumptions which will be examined herein, Mr. 
g Lighthill found that the nonuniformity in the velocity distribution has the 

me effect for large and small wave lengths. For waves that are repre-_ 


“Recherches experimentales sur la propagation des ondes,” | by H. Bazin, a Divers Savants 4 
TU’ Académie des Sciences, Vol. 19, 1865, p. 495. 


_ + “Essai sur la théorie des eaux courantes, " by J. Beuminiee, ibid., Vol. 23, 1877, p. lasiemD 
‘Etude théorique et experimentale de des o1 ondes de translation dans les canaux 
12 “Effect of Turbulence and on Translation by G. H. and w. oh | 
_ Patterson, Journal of Research, National Bureau of we Uv. B. Desi. of Commerce, Washington, 
Vol. 30-31, 1943, pp. 461-512. “ary 
the Influence of Viscosity on We aves and Currents,” by 8. 8. Proceedings, Londen Math. 
“Wave Motion at the Surface of a Which Has an Distribution of  Vorticity,’ 
by A. J. Abdullah, Annals, N. Y. Academy of Sciences, Vol. 51,1942,p.3. | hie _ 
16 “Etude théorique de la houle en eau courante,” by F. Biésel, La Houille Blanche, 1950, pp. mh 285. 
16 “Long Weves i in Running Water,” by J. C. Burns, Proceedings, Cambridge Phil Soc., Vol. 97, 1953, a 
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“GRAVITY ‘WAVES 
‘gated in the Stokes theory, 3 in which | the motion is predominantly a at the surface, 7) 
the relatively high fluid velocity ir in this s region n causes the lowering of the critical a 
_ Froude number which is based on the mean velocity. For longer waves, in a 
- which the motion is almost purely longitudinal, the decreased velocities near the 


In considering the second part of the present investigation, one finds there 
has been no previous t theoretical and experimental study in order to determine 
the stability conditions of an oscillatory gravity wave. However, because of 
the challenging nature of the stability problem, there have been many investi- — 
gations of the stability of interfacial gravity waves, the stability of parallel _ 
flows, and the stability of dunes i in the stream beds. D. J. ‘Korteweg and ‘G. 


depth. Messrs. Korteweg and de Vries have also shown that there is an. 
sequence of wave forms. Each ‘Sequence is is such that, for a 


different moduli, ki; one extreme, k; = 0, is the sinusoidal wave, which occurs — 
when the ratio a L*/d* is very small. At the other extreme, k; = 1, the wave 
length becomes large, and the character of the waves becomes increasingly like 
‘that of a sequence of solitary waves, 2 
_ For the stability of an elementary wave starting from a uniform | regime, the | 
Fe with time of a sinusoidal undulation of small amplitude was studied by 2 
H. Jeffreys s'* and, depending on the case involved, an exponential « damping or 
amplification was found. Recently, the stability of two-dimensional small | 
in laminar flow 0 on a plane boundary was studied by Chia Shun 


that is, they are graphs of the square of the Jacobian ‘elliptic function, cn z, on "eee 


and of 
__ There has been no previous theoretical and experimental investigation of id 7 


4 


there i is s little hope that either the cory and and viscosity 


he Change of Form of pom Waves Advancing 

i Long Stationary Waves,” by D. J. Korteweg and G. de Vries, London, Edinburgh, and "Dublin Masons and 

_ 18“'The Evolution with Time of a Sinusoidal Undulation of Small Amplitude,” by H. Jeffreys, Proceed- . 

ings, Cambridge Phil. Soc., Vol. 98, 1954, p. 139. dey ot 
_ “Stability of Parallel Laminar Flow with a Free Surface,” Chie Yih, 2d Ni ational 
Cong. of Applied Mechanics, Providence, R. 954, 
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| 
a | 
| — 
de Vries*’ have shown that relatively long waves have a tendency to become 
4 a ns their peaks at a rate proportional to a/d and that this tendency _ BR 
opposing tendency, which is independent of amplitude and 
esults from the departures from uniformity in the distribution of velocity with 
= 
} 
type oi curve with arms extending in the directions oi the wave number 
| 
7? — 
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the conditions of stability can be directly determined. In general, an 


«ities 

latory gravity wave is unsteady and | involves both molar and molecular re 7 f ait 

sistance. In addition to this complexity, turbulence characteristics, such as 


: ie velocity and pressure fluctuations, cannot be determined deductively. How- [| 
ever, neglecting the effect of turbulence and considering only the effect of vis- 
7 __ cosity with a nonuniform velocity distribution over the cross section and by ; 
ss using the Sommerfeld-Orr equation, as shown in the paper of A. Sommerfeld,” 
io the problem of stability can be conveniently formulated. In spite of this 
simple formulation, it would be extremely difficult to evaluate a rigorous _ 
w solution of the equations obtained for even a simple velocity distribution ; such | 
(om For very large Reynolds numbers, the theoretical and the practical values ay tion 
me _ of this solution seem questionable. As the Reynolds number increases beyond © 4 
the critical range, the eddy viscosity becomes increasingly important. 19 In 
Et other words, if the Reynolds number is high, the viscous stresses in terms of the F 
| 


mean-velocity gradients are negligible with the apparent stresses 
Despite these difficulties, the effect of nonuniform velocity distribution ¢ on 

_ the propagation of small stable gravity waves can be obtained analytically. 
stew i Mr. Biésel'* neglected the viscous terms in the Sommerfeld- Orr equation and 2 | 


made the wave motion steady by fixing the a: axes on the wave profile. 


© pomligg If the velocity of the ascendant wave were obtained from the superposition 
Le of a ne wave velocity on the mean velocity of flow, the result 


If Eq. 2 is used for measured velocities and Eq. 3 is used for theoretical veloc- a 


Beitrag zur Hydrodynamischen Erklaerung der turbulenten Fluessigkeitebewegungen,” by A. 
Proceedings, 4th International Cong. Math., 1908, pp. 116-124. 
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- The results obtained | from this equation and their comparison with the experi- © 


~ mental results will be examined herein in more detail because the experimental oa 
In the case of the breaking of waves in flowing water, one of the most im- 
me: characteristics of oscillatory gravity waves is the continuous deforma - 
7 tion of shape and the subsequent breaking under different factors from those in 7 
still water. The limiting condition beyond which no wave propagation exists is — 


: determined primarily from the consideration that the wave becomes unstable — 


_ and breaks when the forward velocity of the water particles a at the crest exceeds — 
the velocity of the wave. In general, in still water this may be caused by the © 
- _ shoaling of the depth, accompanied by the complicated effects of backwash from 


prev iously | broken waves, or by the action of an opposing ng wind a as yet little un- - 


in deep water is a/L = = 0. 14. al In fairly shallow waters, a good approximation is 
5 given by the solitary- -wave theory - despite the fact that it is not confirmed by ; 

_ the experiments in sloping channels conducted at the Massachusetts Institute — 

of Technology at Cambridge. — For in intermediate geen in medium depth, 


P. Danel* has cperi l results whi ha pr 


- However, in flowing water, in addition to the effect of ~ slo 


forward face of the wave e by the opposing ‘current and its 
overtaken by the remainder of the wave become predominant factors. Evie 


‘is. ‘important in the limiting g condition. ‘Therefore, the limiting 
wave steepness is additionally related to the Froude and Reynolds numbers — 
of the primary flow as well as being related to the ratio, d/L. lo ytriolve = 
ay However, in the theoretical determination of the limiting condition, all these 
"Parameters are as difficult to consider as the evaluation of the stability condi- ; 
tions. It is essential to simplify assumptions in order to achieve some insight a 
into the phenomenon. Mr. Lighthill’* | made the assumption that a solution 

if exists with V = 0, which corresponds: to a stationary wave above which tion 


upstream is consideration of the equation of ‘motion 


“On t Limiting potis,”” by nel, from “Sym 
National Bureau of Standards, U. 8. Dept. of Commerce, Symposium on 
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iia w with the ne necessary boundary conditions, to the solution for the critical | 


_ Toshow the effect of nonuniformity in velocity distribution, if the ratio is taken , 

sof this expression to the classical expression (limit 0) for uniform flow, 


Mr. ‘Lighthill's 8 fundamental a assumption in the derivation of the foregoing 
equations is not, however, fully acceptable. Propagation becomes impossible 4 
4 with the complete breaking of the wave. . The velocity of flow becomes equal _ 


4 to the celerity of energy transmission, which is, in general, smaller than the 4 
_ wave velocity except in the case of anomalous dispersion. _ For waves of small 
a amplitude the energy is transmitted by the group velocity, C 


4 


The validity of the foregoing is limited to waves of sufficiently small sh 
‘The assumption is made that the nature | of the energy transmission for the 
Waves ‘under consideration is the same as the nature of the 
_ theory. Although the effect of the Froude and Reynolds numbers, F and R, 4 
‘= be included with the help of the deviation, ¢, it will be omitted. | Hes ve 2 
If the assumption is made that no wave propagation is possible when the 
7 celerity of energy transmission is equal t to th the : mean velocity of flow, | thee critical 


It can easily be shown that the condition of the equality of the mean n velocity — 
of flow to the celerity of energy transmission corresponds precisely to the equal-. s 
. ity of the wave lengths of the two ascendant waves of the same e period propagat- 5 
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_ two different waves ‘of the same period Propagating it in the same flow wailtd ass 


. The basic variables pertinent to this phenomenon are: (a) Amplitude, length, 
and velocity | of a stable 1 wave; (b) dynamic viscosity and density of the fluid; © 
— (c) depth and mean velocity of flow; (d) shape factor of the flume; (e) spacing 
and the di dimensions of roughness elements; and (f) the a acceler tation of gravity. : 


‘These va 2 variables | yield following fu ing funetional relationships: iy 


§ 


>" 


— 
@ 


a If both ‘sides of this ‘equation are ‘divided by Ve and the numerator and ee : 


denominator of the right side are divided by Ng d, ai 


as 


“the independent parameters, then V in Eq. 12 can be replaced 
by. Vi/Vn or by the deviation, Replacing a/d by. a/L, L/d by d/L, and 


by k/d, the relationships take the form: | i ee 


pie” 


‘The de ependen 
th 


ters to the right of the pivuations represent, in order of eaipedianies: , the Froude j 
umber, F; the Reynolds 1 number, R; the relative Toughness; the relative 
pacing of the elements; and a channel-shape factor. nw wis 
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é in which is the kinematic v 
yelocities obtained experime 
velocities obtained experimenta Se 
tational motion, it is necessary to introduce the the 
| Foran ascendant wave, V; is given by the relations! 
J ’ 
— 
f 
j 
— 
— 


; It is almost impossible to consider all these. variables in determining: ‘a 
: “¢ stability conditions and in evaluating the deviation, ¢. A useful result can be 
__ obtained only in isolated instances and only if all but the most essential param- 
eters are ignored. The existing experimental data and the theoretical know 
— Jedge are not sufficient to determine the characteristics of of the shape factor, ‘. = 
&§ Furthermore, if the sides and bottom of the channel are » smooth, a/k and Nk 
need not be considered. Thus, for smooth channels of ‘rectangular cross sec- 
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For the case in which the botte om is artific ‘ially 


= 
1 the present investigation only one type of strip x ah is used—that is 
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- 


= F R k 18) 
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experimental will be evaluated according to Eqs. 16 and 18. 
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at 


Wave .—The glass-walled flume used in these experiments. a 
rectangular working section 85 ft long, 2 ft wide, and 1.5 ft deep. | Depth and 
_ Velocity measuring devi ices ¢ and probes s for t] the | wave recorder with 1 necessary 


7 - electrical circuits were mounted on two aluminum carriages which ran along 


Artificial roughness consisted of }-in. by j-in. continuous brass strips, placed 


at l-in. intervals on the steel bottom of the flume and perpendicular to its 


-_ _ longitudinal axis. The relative spacing, /k, was 4, and the depth of the flow 
— - Was: measured to the middle of the strips—that is, 0.011 ft was subtracted from 
é the: depth to the smooth bottom. 9 Actually, the true depth would be betwnen 

depth and the depth to the top of of ‘strips. : 4 
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charge was measured by a calibrated venturi meter. In addition, a triangular 
. weir conveniently placed at the end of the flume measured small discharges. _ 
+} ihe Wave G Generator. —It was necessary to design 1 a new wave generator th that was 
simply constructed and easily operated. This generally had several concurrent 
q functions; they were (a) to allow the passage of flow; (b) to approximate the 
_water-particle motion in accordance with the theory under consideration ; and 
‘The wave generator, developed in the Iowa Institute of Hydraulic Research 
at Iowa City and used throughout the experiments (Fig. 1), is primarily “ee 
combination of the Ransford. classical three-bar linkage (ballistic pendulum) 4 
_ with a system resembling a venetian blind with metal slats that can be set at 2 
m any angle to regulate the passage of water only in one direction. . The use of ithe i 7 om 
= slats originated at the St. Anthony Falls Hydraulic Laboratory i in = sam 
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Cure 


4 


produces the waves under investigation i in varying depths ¢ of flow throughoutthe 
4 $ hee In order to eliminate wave reflections from the end of the flume e opposite | the a re ae 
generator, | it was ‘necessary to install wave dampers” across the section. 

_ basket made of No. 32 wire screen was filled with }-in. and 4-in. gravel and was ie me Be 
- hung on two parallel steel rails ata slope of approximately 30° in the direction ee 


Be flow. : It was adjusted so so that its bottom was a half-wave height below the Sg 


BS: mean elevation of the water surface. _ This procedure, together with one or two Bas a 
wire screens stretched below the section, excellent wave 


The length, and shape of waves were 
aphs. Readings t to thousandths of a foot were made under the 
“Wave periods were obtained from recordings made with a Sanborn Twin- Nes 
_-Viso recorder. " Wave velocities were also obtained by placing two parallel wire — 


oa gages 10 ft. ‘apart and by | registering the wave profile from these gages ¢ on the 
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timing device made 4 marks per sec on the recorded permapaper. 
- Thus, having established the distance between the gages and the time peri 
_ for the wave to travel from one gage to the next, it was possible to determine — 
Velocity profiles on the flume axis were obtained by means of a 4 i 
dle pitot tube connected to two manometers. These manometers were 
Set at a slope 45° from the vertical in order to magnify the differences by v2. 
: = The general experimental procedure was as follows: The discharge was held a ’ 
constant for varying depths of flow. For each depth the setting of the wave _ 
oe . generator was varied several times, and wave heights were recorded at different — 
a sections of the flume with the same wave recorder and compared with each 
other. Necessary adjustments. of the generator, such as the period and the 
Positions of the connecting made until a stable wave was obtained. 


4 


the matter, the energy, and the phase transported remain constant throughout 

w wave propagation. Therefore, instability corresponds to the continuous’ 

_ Various authors have pointed out that the assumption of constant power 
p: teanpuhionion is not quite admissible, particularly for shallow areas of flat slope, _ 
ret and reductions in wave heights of as much as 30% may occur due to bottom 2 
oe ee. friction i in! still water. However, when the media of wave propagation isalready _ 
hase 4 in ‘motion, additional energy dissipating factors, ‘such as internal viscous shear es 
os A and turbulent mixing shear, come into consideration. _ The waves can remain Ps 
stable then if the energy withdrawn from the waves by means of these energy 


‘the « dissipated « energies, which ¢ are equal originally, 


a certain ‘amount of energy remains, which is the difference between the sup- 
oe. - plied en energy and the: dissipated energy ; this unbalanced e energy is used either to ee 
sori Re amplify or to damp the waves. Therefore, from the point of view of energy - 
transfer, instability corresponds to an excess or a deficiency of the supplied 

energy y with respect to that dissipated by v various jus resistances. 


eo The parameters which change the characteristics of the primary flow are “s 
Es ng essentially: (a) The oscillations of the laminar-boundary layer due to periodic 
a4 variations of the pressure; (b) the orbital motion of the water particles due to BS 


Wave movement ; (c) the mass transport; and (d) a momentum ane in the 
transported during one wave Recent studies have shown that the 


 turbances on water small considerably change the 
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dength of It is an empirical fact that the creates. 
_ resistive force which is roughly dependent on a certain power of the velocity 7 
and is indirectly dependent on a certain power of the hydraulic radius with a 
_ proportionality constant depending on the stream bed. Perhaps this empirical 7 
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formula sik be better rationalized after the variation of the intensity and > 

"scale of turbulence as a function of Froude and Reynolds numbers has been — 

in order that the wave energy scattered by turbulence can be 


“ formulated. Subsequently, the wave attenuation, which is of the same order of r 
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stability conditions, an experimental, direct approach appears to be a mine 
_ method and may yield satisfactory results. In order to obtain the stability _ 
- conditions for oscillatory gravity waves in water flowing in a smooth channel, 
_ the steepness and the ratio, a/L, of stable waves were determined rine one 


_ series of curves was obtained for constant values of Froude numbers, as aad = 
in Figs. 2 and 3. Each curve is similar in shape to the one obtained by mY, dd. F 
Yih for the small-amplitude waves in laminar flow. In the Yih solution fo we 
each slope of the channel bottom, a hyperbolic type of curve, with arms msex- 

arates the stable region from the unstable region. 

From Figs. 2 and 3, two new graphs were obtained ; one showed the curves of © 
_ constant t Rey nolds numbers for L/d versus the Froude number | (Fig. 4), and the 


ot b/d 
A Fia. 4.—P.orrine oF F versus L/d ror Constant 


other of neutral stability « as a function of the L/d, 
the Froude number and of the Reynolds number (Fig. 5). Figs. 2, 3, 4, and 5 = 

clearly show that, for a pair of given values of the Froude and Reynolds — 


§ numbers (for ¢ a given . flow), there is only one ‘wave which i is ; neutrally stable. 


; g For this flow the other waves are either damped (below the curves of constant — 


Froude numbers) or amplified (above the curves of constant Froude ii ci ia 4 
as s they propagate along thechannel. 


_ Obviously, a wave amplified along | its course cannot grow indefinitely. 


After a certain distance during which the wave continuously grows in ampli i 


tude, breaking occurs near the crest and is accompanied by foam extending — 


down the front slope of the wave. The foam appears to be detached from the 


mass: of the Water and to roll over the advancing face. of aban 
development of the wave was not examined ; thus, the cores of stabilization 
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Value of 


A 
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flow, a/L, and the steepness of the s stable wave which 


_ decreases. i For large values of R, the steepness of the stable wave depends a 
on F. _ Asshown in Fig. 3, the ratio, a/L, depends on both R and F. | However, = 

the dependency on R diminishes with increasing Reynolds numbers if the 
Froude number is kept constant. ~ Bed 


iw _ Evaluation of the Deviation in Wave Velocity. —For a preliminary comparison : 


of the results, the can be considered: 


ie 


Value of ys 


; 


Breaking limit 


Fia., 7. a FOR Ratios, a/L anv 


22) 

The of wave celerity values of wave length, 7 

wave period, and mean velocity of flow for each wave studied are compared — ; 
- with the corresponding values computed from Eq. 21 . The data, presented — 


graphically i in Fig. 6, show that ascendant waves consistently propagate more 


57 
= 
If the mean velocity of | 

— 

= 


slowly in in flowing water than the However, 
this theory the significance of the comparison is limited by | the fact that oe 5 


vaca According to Mr. Struik,* the celerity of a wave, Cy in the third wana 
to ods bum (git ay b itis Ba ay 
4 Ci, = Joust tanh 2 (ss A 
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otht — 6 coth? +5 


‘Thus, the velocity i is a function of the wave steepness as well as of the ratio, i. 

a/L. The factor, A, becomes increasingly important as the ratio, d/L, becomes 

smaller, In In order to show this importance and t to facilitate the e computation 
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is introduced into the analysis. _ The vs values of a are taken from Fig. 7 for a 


. ‘4 corresponding values of wave steepness and the ratio, d/L, and the values of 


a Jano are computed from Eq. 19. For the same parameters, ‘Fig. 8 gives the 


a values of C; directly although less reliably because of the large 1 variation of the 


eelerity with wave steepness, 


5 After "the fundamental theoretical solution had been properly prepared f for 
comparison the results, t the aforementioned which 


i 


Value 


equation, 


‘was computed and plotted versus the ‘wanber, and a of curves. 


was obtained for constant Froude numbers (Fig. 9). As found from dimen- 
a _ sional analysis, ¢ is a function of F and R. _ Figure 9 shows thet for - the 
dependency of the deviation on R diminishes as R increases. 
____In order to compare the values of ¢ determined from the experiments with 
those obtained from Mr. Biésel’s analysis for ‘sinusoidal waves, the ratio, a/L, a 
% was plotted versus F for neutrally stable waves; a series of curves of constant, 
was obtained in Eq. 5 is presented in the same manner as in 
Fig. 10(b) for Uo/U1 =, 1.34, determined from the velocity 
profiles that were jhe’ oueienidis: The « similarity in trends of the 
_ experimental and theoretical results is obvious. Their agreement is not re- 
_ markable which, however, is to be expected because in the analysis turbulence — 
was not taken into consideration, and the waves were of infinitesimal amplitude. 
_ As a result of the latter limitation, the mass transport in the direction of wave _ 
motion wasimpossible, al. 
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i. . In Fig. 8, the deviation, ¢, is presented as a function of the r: ratio, d/ L, _— of 
_ the wave steepness. For the values of d/Z less than approximately 0.40, ¢ * 


increases rapidly with i increasing wave steepness. As the ratio, d/L, becomes 


 Jarger, the wave steepness becomes the dominant factor. It should be remem- 7 he 
a -_bered that the foregoing comparison and conclusions have until now been made — 
experiments i in which the channel walls and bottom were smooth . For 
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Value of hs 


‘Fre, 10.- —Deviation Asa Foncrion or F anp a/L ww 
a channel with an artificially roughened bottom and smooth chien, similar plots | 
are presented in Figs. 11, 12, and 13, in which it is shown that the deviation for _ 


“the roughened channel is corresponding deviation for ‘the 


smooth channelh 08.0 to a 
Unfortunately, it is not possible to arrive at a definite conclusion about the . 


the deviation on the Reynolds number, R. Moreover, a a careful 
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11.—Vame a/L versus Constant 


_ examination of Figs. 13 and 14 reveals that, for a given Froude number, F, the 

- deviation does not vary - greatly with the degree of roughness. Therefore, the - 

dependency of the deviation on R is slight. However, there is some question 
whether, in the ca case se of an an artificially channel, is a 
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‘means of with new elements geometrically similar to 


ed but of different size. Such experiments would provide - 


one previously us 
one would contain 


- family of plots with a constant F for each plot. © 
series curves for relative roughnesses as a function of the deviation 


‘” andR. Sucha family of curves (Fig. 14), ), although itis steneatgttinys is based on a“ 
a Froude number of 0.30. » 


Relationship Between Ascendant and Descendant Waves—If waves are 

generated in a fluid which 4 is already in in a by means of placing th the wave a 
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generator near the middle of the flume, it is obnerved that descendant waves 
are much longer than ascendant ‘waves although their period i is gob 


Value of Ly 
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as follows: 

tanh —— = ort te por 


exits (26) 
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ta: nh 274 _ 
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Constant Froude numbers are plotted versus and L,/d in Fig. 15 i in which 


mental profiles selected from the numerous runs are compared with the theo- 


the periods, 7’, and Tz, for ascending and descending waves are equal. Fig. 15 
ae a that a descendant wave propagates faster than an ascendant wave if both 
waves have the same period and travel in the same flow. This fact becomes 
more apparent as the Froude | number is increased; the difficulty of meee 


thie Fra. 15. or Le/dv VERSUS us La/d, T. = 2 wt 
descendant waves in short test ¢ channel is thereby demonstrated. 
- limiting barrier beyond | which no ascendant wave propagation is possible (Eq. a 


aed Comparison of Theoretical and Experimental Wave Profiles. _ —Typical experi- 


retical profiles given by Eq. 3: | 7 


8 coth m d+ tanh? m d(l+2 2coth?md)]écosmz 
8 coth m 4 m d—1) cos m? coth* m md — 
3 coth! md + 1) 8 cos 3: 27 
in 6 is determined from the equation, stew Hite ot be rg 


= + em coth® m nd + 18 cotht + 11 coth? m — 1)]... (28) 


| 
¥ 
4 
— 
4 
— 


Although no function represents the wave profile exactly. all 
possible combinations of the ratio, d/ L, and wave steepness, it was found that_ 
fovd Eq. 27 gives the most consistent agreement between observations and theory 
ner within the range tested. The deviation was as follows: For large ad teary 
ow the experimental profiles hs havea sharper crest with ith more gentle side slopes and a 
y ‘flatter trough than is given by the theory whereas the lower amplitudes exhibit 
sis ‘Thus, for the amplitudes and depths | examined in this investigation, the 
aa experimental profiles vary about the theoretical profile, ; as described by Mr. 
 Struik.t The wave profile in Fig. 16 is representative of the numerous profiles 
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CONCLUSIONS 


_ The detailed laboratory and theoretical i inv ‘estigations of oscillatory gravity 


_ waves in flowing v water described herein warranted the following conclusions: 
1. For a given flow there is only | one neutrally stable wave. All other waves 


show either exponential damping or amplification during their propagation 
. along the channel. It is easy to separate the two regions by the surface of 
j neutral stability, determined experimentally and presented graphically. 
@ view w of the « complexity of s stability phenomena, it is is difficult to find a reasonable . 
‘solution for the stability of oscillatory gravity waves in flowing water. No 
basic solution is presented herein, and the theoretical determination of this 
problem will have to be investigated further. 
2. The celerity of a stable ascendant wave in flowing water may be as much re 
as 10% smaller than that obtained from the theories of Messrs. Stokes and 
— Btruik.?? 2.3 This finding i is contrary” to the commonly h held assumption that the 4 
re characteristics of waves propagated i in flowing water are ‘identical with those — 3 
propagated in still water. Thus, the rule of superimposition is not permissible; a 


two two presently oxieting, § theories are found inadequate for OF ip Mowing water. 4 
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iN SOCIETY OF civit., 
The deviation of the measured wave velocity from that obtained from po-— 
tential theory increases with increasing Froude numbers and decreases with 

increasing Rey nolds numbers. The larger the Reynolds number the smaller 
the dependency of the deviation to = 
8. For a channel with an artificially roughened bottom, the deviation is a 

i greater than the corresponding deviation in a channel with a smooth bottom. 
For example, for a Froude number, 0.30, and a Reynolds number, 10-5, devia- - 
- tion i is approximately 6% for a ‘smooth channel and approximately 9% fora 
rough channel. For rough channels, however, there can be no conclusionasto 
_ the dependency of the deviation on the Reynolds number because of experi- 
mental limitations; indications are that the > nolds ‘number has s little (or no 
4, The cnelaeanale determined profiles of stable, ascendant, oscillatory — 
gravity waves vary about the theoretical profiles described by Mr. Struik.* It on 
_ was found that Mr. Struik’s profile equation gives the ‘most consistent — a 
_ ment between observations and theory within the range tested. SS 
meu Hydraulic engineers concerned with the problems of oscillatory gravity 
io waves in flowing water should consider this paper a basic introduction to the 
body of knowledge and small amount of literature available. There remain 
2 _many unsolved theoretical and practical problems. In order to solve them, — 


WE one should have an understanding of the mechanics involved and an apprecia- — 


tion of the importance of sound theoretical concepts. 
- : ay The experiments reported herein were conducted at the Iowa Institute of © 


Hydraulic Research at Iowa City. The writer is indebted to John S. McNown —- 


es and Hunter Rouse, Members, ASCE, and Mr. Yih for advice and criticism. _ - 


- He is also indebted to Mr. Keulegan for reading the manuscript. ol 


_ _The following symbols, adopted for use in the paper and for the guidance 
of discussers, conform e essentially with “American Standard Letter Symbols for 
~ Hydraulics” (ASA Z10.2—1942), prepared by a committee of the American a 
Standards Association with representation and and approved by the the associa- 
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Tl 2ANSACTIONS 


PERMEABILITY, PORE PRESSURE, AND UPLIFT) 


es Reve Ws CARLSON, 1 AL M. ASCE to 


1TH Discussion BY MEssRS. BRYANT MATHER, J. Lacnema 


fe Findings : are _ presented of studies ¢ concerning the intensity of p pore pressure 
_in concrete dams and the resulting uplift force. The low permeability of 
concrete, even with» as little as 2 bags of cement t per | cu yd, indicates that ; 
‘equilibrium p pore pressure ‘should never develop in a service dam. The effect 
_ of air entrainment is to reduce the penetration of pore pressure intoadamtoa 
fraction of the penetration without air. An approximate solution for the A 


determination: of the p percentage area. subject to uplift pressure is offered ; 


concrete. The effective area is 

area in the lean concretes Howeter;3 in view of the low permea- 
bility, high intensity of pore pressure need never develop in the interior of a 


caused by and pore pressure a are deported These strains tend 
Fe increase the compressive stress near the upstream face and further improve — 
the se safety of a dam. (1956) practice may, therefore, 
< 
One of the most doubtful steps in the design of a gravity is the allow- 
4 ance to be made for uplift pressure. The actual uplifting force caused by 
Water i in the pores always has been an uncertain factor. There has been — oe 
doubt not only about the intensity of pressure in the pores of the concrete — 7 


re also about the effective area over which that pore pressure acts. = 


hee st 


Nors.— —Published , essentially printed here, in ‘May, 1955, as No. 700. Posi 
‘> . and titles given are those in effect when the paper or discussion was approved for publication in 
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MADIASMA 
the UApNg of pore pressure ina lad depends primarily on the permea- 


a of the concrete and the length of time the reservoir remains s filled ; it also 


1 depends on such factors as drainage and location of joints or cracks. Even 4 ass 
A without drains or joints, it may take centuries of the ‘Teservoir being full for 4 val 

| a ~ equilibrium. to be established—that i is, for there to be a linear - distribution of 3 . 
q pore pressure from heel to toe. Despite this fact, most designs are based on 3 fey do 
q _ some sort of equilibrium | condition. A Thus, the intensity of f pore pressure to be 4 the 

expected in a par ticular dam seems to be w orthy of study. 
___ Differences of opinion have been aired for many years as to the effective ex 
area over which ‘pore pressure acts, and conflicting statements have pre 

— appeared.? : 7 ‘At first thought, it w rould appear that simple tests or measurements ; to 

could be made to determine the uplift force caused by water pressure in the is 


_ ‘pores of concrete. The problem is not so simple, however, because, as long as" 
the concrete is not jointed and pore pressure varies linearly from heel to toe, 
aie: “i the stress distribution is the same when uplift pressure is acting as as when there _ 
i is no pressure. For example, one can assume the existence of a dam which is 4 
s loaded by filling the -Teservoir ‘80 quickly that there is no pore pressure and > 
whose dimensions and weight are such that the downward pressures are 100 
per sq in. at the heel and 400 Ib per sq in. at the toe. Pore pressure of an 
intensity varying linearly from 200 Ib per sq in. at the heel to zero at the toe 
~ can then be added; the net downward force is still 100 Ib per sq in. .at the heel — 
4 and 400 lb per sq in. at the toe in order to maintain a force balance. Afterthe 
-:pore pressure has been added, however, the solid framework of | the concrete _ 
near the heel is subjected to a tension of about 100 Ib per sq in. of gross area 4 
_ (assuming approximately 100% of effective area) while the compression — 


Q. 


in the pores is 200 lb per sq in. . Should the the concrete have been unable to carry 
the tension of 100 lb per sq in., a crack would have formed and 100% of area 
would surely have been éabbected to pore pressure in the region of the crack— ¥ 
the stress distribution must then hi have been altered. — Stress ‘measurements — 
alone would have given no ¢ clue as to the effective area in any part ‘of the rend 
_ before failure or in the uncracked part after failure. The safety of the dam 
- depends on the effective area even though the stresses may be unaffected. ; 
Only by measurements of strains or by tests depending on ultimate e strength — 
does there seem to be any hope of determining the effective area on which pore A 


The various agencies which are building dams have disagreed rather widely — 


as to the uplift assumptions to. be used in designing a gravity dam. ‘The 
Bureau of Reclamation, United States Department of the Interior (USBR), 2 
_ has sometimes specified that the effective area should be two-thirds of the — 
- total area and that the pore pressure should vary linearly from full-reservoir 
‘pressure at the upstream face to tailwater pressure at the downstream face. 
The various districts of the Corps of Engineers, United States Department of 
.) the Army, have differed among themselves in the past, but many have used 


as ad assumptions of 100% area and two-thirds (more or less) of fo 


y L. F. Harza, Transactions, ASCE, 


do 
— 

Ve 

4 

a 
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3 pressure at the upstream tas) diminishing line linearly to pressure at the tie 
downstream face. Occasionally, designers take advantage of drainage and 
- assume reduced pore pressure at the location of the drains—the pressure then mile 
_ . varying linearly to reservoir pressure at the 1 upstream face and linearly also hg 
. (but at a more gradual slope) from the drains to the downstream face. It i is 
doubtful if any assumptions as to intensity of pore pressure are very close to ooo ; - 
the conditions which exist in the dams. — There i is less doubt about the area or 
over” which pore pressure acts in concrete, but, “nevertheless, disagreement 
. exists here also. Therefore, a better understanding of permeability, pore pte 7 
_ pressure, and ‘resulting \ uplift pressure might serve to revise design : assumptions 
to a sounder, more consistent, and more economical basis. 
. Late in 1948, conferences were held i in the Office of the Chief of Engineers to ore 


- eonsider what teats could be made to. clarify the question of uplift i in gravity 
dams. At the outset, two phases of the problem were recognized. The in- oa 
Ps tensity of pore pressure, as controlled by permeability, dimensions, duration a) 
of full r reservoir, and other factors, w: was considered to be the more important — ul il 
* phase of the problem. The uplift force caused by the pore pressure and the 
a attendant strains in the concrete were grouped together as t the second, and more pos 

Fe The permeability of mass concrete was believed to be especially important pod 

_ in view of the trend toward lower cement content and the use of air entrainment. 
ad All indications were that uncracked, 1 rich concretes are so impermeable that pital 
a pore pressure cannot develop to anywhere near the equilibrium condition in the the 
_ body of a dam unless the reservoir is full for centuries ; even lean concretes may 

be impermeable enough to permit lower pore pressure to be assumed in design. tlie a 
Very little is known about the permeability of lean concretes such as are pine 
: - (1956) being used in gravity dams, especially at ‘greater ages and with air Jeet 5 
entrainment. The effect. of continued saturation also is highly speculative 

and yet it may be a large factor in reducing the percolation of water into a a 

"gravity dam. Consequently, a program of permeability tests was developed 

to solve the first phase of the problem. ‘guitenota tai yaa 0} 

_ The permeability tests were planned to investigate a variety of concretes = 
with special emphasis on the effects of (a) cement contents as low as 2 bags ail? 
cu yd, (6) air entrainment, (c) ages up to several years, ,and (d) continued pine 
saturation. Many refinements were introduced to be sure that the results 

7 would reveal the actual permeability of corresponding concrete in a gravity ve 

dam, Specimens were cast i in metal containers and turned on their sides before - 

“ees setting i in order that the permeability y be measured in a direction corresponding 
a to the horizontal direction in a gravity dam. Temperatures were controlled a 
hes _ to simulate those in an actual dam. Water was controlled as to air content to oa 

prevent abnormal release of air within a specimen, where the pressure drops" 
: sharply. The tests were made in the Engineering Materials Laboratory of __ 
the University of California, at Berkeley, under the direction of Raymond E. fu 


*“Permeability and Triaxial Tests of Lean Mass Concretes,” 7” Rapmend. E. Davis, Report to all aed 
8. Dept. of the Army, 1950 (mimeographed). 
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| addition to the permeability tests, another program tests was 


strains which are caused by pore. pressure. Although most. engineers rs seemed 
to be convinced that the effective area was certain to be either nearly 100% or Ad 
= 100%, | there was a need for experimental verification in the working- 
stress region. — Previous tests had indicated approximately 100% of area in 
ee at time of failure, but no tests had yet been made to determine the _ 
effective area at working stresses. Some compression tests, however, had been 2 

Hf. reported which appeared to show that the area was about 100% in specimens — 
subjected to moderate hydrostatic pressure. Current (1956) perme 
proved that the interpretation of these tests | was faulty because the hydrostatic _ 


a compressibility was not , dependent on pore area but only on the elastic prop- : 


erties of the solid constituents of the concrete. Furthermore, it was highly 


= Many types of tests for determining effective pore area were suggested - 
before one finally was adopted. The early preference was for tests of models — 
of gravity dams, but no ready solutions were found for the | many difficulties — 
of obtaining results which would truly be indicative of uplift force. Therefore, 
_ the specimen finally adopted was a long cylinder which would be subjected — 
to hydrostatic pressure around the sides and to mechanical pressure at the ends. 
Thus, there would be full pore pressure in the central region of the cylinder, — 
diminishing to zero near the ends. Simultaneously an axial load could be 
_ applied at the ends of the cylinder, corresponding to expected heel stress in the 
_ dam. Strains were measured at the center of the cylinder to indicate change in| 
length whenever hydrostatic or mechanical loads were applied or removed. 
ty In order to interpret the data, strain meters were , embedded in companion 
specimens of the permeability series, and these specimens would be saturated 
_ and subjected to full hydrostatic pressure. Misses. ter, 


; ESULTS OF PERMEABILITY TESTS AND THEIR IMPLICATIONS 


_ Many interesting revelations were obtained from the permeability tests, — 
but only a few will be cited. In the particular mass mixes used, the permea- | 
bility of 2-bag-per-cu-yd concrete eee less than three times that of 3-bag- j 


The: same specimens, left. saturated and retested. at 
an age of lyr, showed a redietion in permeability to a of the 3-month 

7 ha Specimens tested at ages ¢ of 3 months, 18 months, and 24 months showed a . 
___-: progressive decrease in permeabilities, the average for 2- -bag- per-cu-yd concretes e 
being only 135 X 10" cu ft per sec at the age of 2 yr. An interesting revela- 4 
tion was that the 3-month specimens when retested at 1 } yr were as impermeable _ 
as companion specimens initially tested at 2 yr. _ Thus, the saturation end 


testing at 3 months apparently hastened the process of hydration and lowering, 


A 
| 
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the 2-bag-ner-cy-vd concr w 580 ¢ r 


effect of air entrainment on permeability was favorable. For mixes 


‘In the very lean mixes, 5, the 


permeability—the finer the sand, For ‘the 2- 
-cu-yd mix, 8 sand with a fineness modulus of 2.25 and a water-cement Tatio 


of 0.86 resulted in a 2-yr permeability average of 81 xX 10-” cu ft per seo 7 


whereas a fineness" modulus of 2.50 and a » water-cement ratio of 0.80 gave a © 
permeability average of 190 10-” cu ft p per ‘sec. The finer sand more then 


offset the effect of the higher water content in thiscase. 


having the same cement content, “aggregate grading, and consistency, the ‘ 


permeability was 439 X 10-" cu ft per sec for an air content of 6.2% and 


; water would be required to fill the voids produced by 5% of entrained air. 


water into a gravity dam under th the pressure of a full reservoir. 


662 X 10- cu ft per sec for the corresponding mix with no air-entraining agent 7 
but. with 1.4% of air. Thus, the air entrainment reduced the permeability it in 

this particular case by 34%. The mix in . this case was 2, 25 bags of cement per 

cu yd, the only one in which the effect of air entrainment was investigated. _ - 

a In addition to reducing the actual permeability, the air entrainment delays ; 

tran 

“ ‘the 7 penetration of water into a mass of concrete by a much larger additional 

. factor due to the storage capacity for water provided by the voids. In adam 

size of Detroit: (Oregon) or Pine Flat (California), about 20 X gal of 


_ Therefore, it may be worth while to compute the probable rate of f penetration c 


— As the water front moves farther into the “concrete, it may be assumed 7 - 
- that the air voids are completely filled by water behind the water front . Be r% 
cause water is relatively incompressible, very little additional water is needed = 
to accommodate the reduction in \ volume é as the pressure increases behind the 

- advancing water front. - Therefore, it can be assumed that a linear pressure » 
— gradient will prevail from ‘reservoir level at the upstream face to zero at the : 
farthest depth of water penetration, | provided that the reservoir level remains 7 
constant . Under these assumptions, the following equation “expresses in feet 
_ the distance D penetrated by water in 7’ days into a mass of concrete in which 
the voids are 5%, water head i is 400 ft, and the is 200 


because test results indicate it to be about the 1-yr value for concrete containing © 
‘a only 2 bags of cement per cu yd. _ Of course, the permeability would be greater va 
at earlier ages, but the reservoir is not likely to be filled before at least 1 yr b 
after the concrete near the foundation i is placed, and the } permeability may be — 7 
much lower at the ages indicated for deep penetration of water into the dam. — 


Furthermore, Eq. 1 applies only to the. case in which there relief by 


__ Fig. 1 shows the penetration of water into a 400-ft dam for various durations _ 
“of full reservoir as computed by Eq. 1. ‘Fig. 1 applies only to the continuous 
concrete of the dam and would be modified greatly near the base of a dam 
whose foundation is permeable. _ It would be modified considerably also if there _ 


Were no air ‘entrainment. After 200 yr of full ‘reservoir, the indicated penetra- 


The permeability of 200 x 10-8 cu ft per sec was chosen for this example = 
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GRAVITY DAMS 
is less than half the thickness of the dam. Under the of this 
example (no joints or drains, no reduction in permeability after the age of l yr, 
and 1 no drying from the downstream | face), the water should appear at the 
downstream face in somewhat more than 1,000 yr. Of course, this applies 
only to sound concrete and does not consider the foundation to be permeable. __ 
However, it does definitely indicate that, as far as the concrete itself is con- te 
4 cerned, low internal pore pressures are likely to prevail either with or without 
drainage, and that only a slight drainage would be effective against so slow a om 
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‘The foregoing considerations of have neglected the effects of 
capillarity. An investigation of the computed and observed rates of 


tion of water into the permeability specimens indicated that the rates were 
approximately as expected without any allowance for capillarity. — However, 


nd that the effect of capillarity would, therefore, need to be very large to be ~ 


a : a must | be recognized that an abnormally large gradient existed i in the specimens — 


‘evident. An investigation of the quantitative effect of capillarity is sorely — 
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The problem of determining the area subject to pore pressure was hampered 
by. erroneous beliefs of long standing and by the inherent complexity of a 

satin like concrete. It was I. L. Tyler, M. ASCE, who disproved the long- > 

published statement that the hydrostatic compressibility of concrete is related 


to the effective pore area. Douglas McHenry, M. ASCE , uncovered fallacies * 


: in several analyses which were developed by individuals and offered in review. 
<a _ Many others also helped in the slow progress toward a partial clarification of -- 
‘ ors - When the test program was planned, it was believed that the only difference — 
ae * between a specimen subjected to full hydrostatic pressure and one with hydro- | 
i” = static pressure ire around the sides only (ends open) would be the uplift forces — 
is a caused by the pore pressure being zero at the ends in the latter case. Thus, it 
73 # was specified that a simple subtraction of the strains in gies two corresponding _ 

i 

if a converted into uplift force by determining the ‘axial | load required to | produce — 
fh. - an equal strain. Later, it was proved that the difference was bound to yield 
100% of ‘ “effective” ” area if the Measurements ¥ were accurate. It became 
apparent that the step of going from a specimen loaded hydrostatically all 
re _ around to a specimen loaded hydrostatically on the sides only amounted to’ bi 
ue : removing the load beth from the “effective” and from the “noneffective” area 


at the ends of the first ‘specimen. Thus, the test program could 1 not yield 
the effective area of the mass concretes in the simple manner which had been 
‘Using the observed strains as a guide, an approximate solution of the 
effective f pore area of concrete was developed. _ The concrete was idealized to 
. _ the extent of assuming most of the solids to be accumulated into cubes, regularly _ 
a arranged, and connected by the remainder of the solids. Att first thought this 
‘might seem to be an intolerable departure from actual anmaaie but relative 
- dimensions—instead of being chosen at random—were computed to make all. 
_ pertinent properties identical with those of the concrete. Thus, the idealized ; 
concrete could be computed to have the correct void "content, the correct 
a ~ modulus of elasticity of solid constituents (provided a are uniform), the 
_ correct modulus of elasticity of the concrete as a whole, the correct Poisson ~ » 
for the solid constituents, and approximately the correct Poisson ratio 
for the concrete as a whole. _ It can be shown that an idealized*concrete made } 
up of a porous solid of uniform elastic properties will have a Poisson ratio of 
from. about one-half to two- -thirds that of the solid material, purely by virtue — 
of the ge geometry. Thus, this idealized concrete is an accurate ‘ “particular” 
ease of concrete although it evidently is not a general case. hea 
_ The mechanics of the uplifting force in concrete have been clarified some- _ 
by the ‘simplified analysis presented i in the e Appendix. For example, 
can be proved that the uplift force on any section depends only on the pore 
pressure and area, at tl that , section and not on | the area at other sections. " Of 
course, there m may be ¢ other forces applied i in a dam, such as those caused by 
_ temperature changes, water loads, and gravity. However, what one defines 
a8 “uplift i is, imply.s & matter of ft pore pressure and area at that section. This is 
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paca wasnt where a uniform pore pressure exists not only i is caused by the 

_ diminution i in pore pressure near the ends, but is dependent on the effective — 
 ~pore area near the ends where the pore pressure diminishes. It can be proved 
that no matter what the r pore area may be in the ; regions where pore pressure 

¥ drops to zero, as long as that pressure does drop to zero, the uplift on a section 
a midlength i is s the same. Also, it n no longer i is considered sound to think of 


might consider again the cylinder specimens subjected. to pore 
only in the midlength region. This cylinder, for example, might havea solid 
~ Tens across the specimen, this lens having substantially no pore area. Such 
- @ condition is approached by taking a section through a maximum Soe a : 
aggregates and other solids. By treating the half cylinder from such a section — 
> one end (where forces are zero) as a free body, it i is seen that there is no 
- - force on n this section; this proves that there i is no over-all wel on the specimen, 
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be AND Pore AREA FoR Various VALUES oF f 


acting as a jack within ‘the pores. ~ As a contrast to the ateuthed solid section, 

4 one might find a section with a full 100% of pore area, such as a joint. — Here 
the uplift would act over the whole area, and this would be the worst section, - 
independent of pore areas elsewhere. ad, bites 
‘The actual a areas disclosed by the tests ‘and idealized wees not far 
i from 100% for the lean concretes used. The sectional porosity, after hydra- — 


tion, was approximately 157% for all the concretes containing entrained air. 


| 4 per ‘sq in. for the 2-bag- per-cu-yd concrete to 5.8 x 10° Ib per sq. in. for ‘ke 

: _ 8-bag-per-cu-yd concrete. The modulus of elasticity of the solids was found © 

& — to be > approximately | 17 x 10° lb per sq in. Thus, the ratios of moduli were 
4.25 and 2. 92, respectively. The corresponding a areas can be found from the — 

- curves in Fig. 2; they range from 97% to 98%, the lower area being for the - 

- richer mix. “These results are consistent with those tests to failure of Serge — 

Leliavsky, M. ASCE, which are probably the most reliable to date.4§ 
_ A surprising revelation came from applying the area equation to minerals 2’ 


4“Ex periments on on rea in Gravit Dams,” 


| 
||. contrary to a common belief 
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of effective e area. Very | little published information 1 is available to sh — the 


— ve compressibility of minerals with and without impermeable ec cover to 7 vy 
= the values of E, and E, needed for the equation. However, W. A. - 


7 _Zizman' has listed these data for a dozen rocks. — For all rocks, except obsidian . 
the com compressibility due to fluid pressure when covered was > sench greater than 
= uncovered. Therefore, it is evident that the equation, in the a 
App 

in 1 most rocks 


an ‘impermeable cover as it had without the cover. _ This means that the 
modulus of elasticity of the solid crystals was about four times that of the | 
composite granite. Assuming the porosity to be 1% by volume, the value of aa 
is seen to be about 0. .004 from Fig. 2(a). Fig.  2(b) shows that the effective 
r 4 - pore e area would be more than 99% if the rock structure simulates the idealized 
porous solidenvisioned forconcrete, 
on _ Apparently, the pores in most minerals exist as poor contacts between 
erystals because, if the small volume of pores existed as well-distributed 


spherical cavities, for no such large differences in elastic 


‘Sreans Due To SATURATION . Pore PRESSURE 


2 contribution of the laboratory. 


previously and conducted by Mr. Davis, is the revelation of actual strains or 
dimensional changes which accompany saturation and pore pressure. The 
results are such as to make the handling of strains quite simple due to the low as 
compressibility of the solid constituents of the concrete and to a cine il 
expansion of the concrete caused by saturation. The measured expansion | of 
- _ the concrete in the long cylinders, from the saturated state without — 
5 pressure to the addition of 200 lb per sq in. of pore pressure (free ends), yall 
from 5 x: in. per in. t to 10 X ‘in. per in. Jess than for an ordinary tensile 
= stress of 200 lb. per sq in. _ This is explained by the fact that, while the solid 
ew et are being compremed by the pore pressure and there is only a 


per sq in. The compensating factor regarding the strains } is the aa : 
saturation. - _An average of results from strain measurements on permeability 
specimens, obtained prior to their regular. testing, showed an expansion of 
7X 10-* in. per in. due to saturating from a mass-cured condition. Adding 
“this to the strain caused by pore pressure, one finds a total expansive strain 7 
which i is almost exactly what one would expect if the uplift were a numerically 
equal mechanical tension. The designer can make good use of this result in 
computing the modification of stress due to restraint near the upstream | face of a 
a; a dam when the pore pressure . penetrates only a a moderate distance. Also, 
the engineer who analyzes measured strains in a structure should be gratified 


_ &“Compressibility and Anistropy of Rocks at and near the Earth's Surface,” 
Presesdings, National Academy of Sciences, Vol. 19, 1933, p. 666. 
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| learn that the strains due to pore pressure and saturation can be treated as 


DAMS 
. 


mechanical 6 strains. Only if the pore pressure differs: greatly from | the 200 


Ib per sq in. herein considered, or if the concrete were not of the lean 1 mixes 


tested for this study, would a deviation from the simple treatment be necessary. *» 


dogg In the course of this investigation, the lack of information on many factors 


was noticed. Some | of the subjects suggested for or in- 


1. Permeability at Greater Ages.— —It is highly speculative to compute the 7 


penetration of water into a concrete d dam for decades when the 


is known only up to the age of 1 yr agi, Provision should be made for tests_ up 


Permeability of Concrete Saturated. —The reduction | in 


_ permeability of concrete is likely to be influenced greatly by continued hy dra- " 
tion, and the hydration, in be to be affected by 


4 a “many- -folded | in 1 permeability mac of the 


of active siliceous materials in the concrete, this subject promises a large © 
reduction in permeability and consequent pore pressure at low cost. Te. 
4. Permeability of Concretes Containing Different Cements and 


Sweeping conclusions cannot be drawn from permeability tests on a single — - 
cement and aggregate. — ‘Different ty pes of cements and aggregates should be 
“tied in” with the current investigations. 


3 


Physical Properties of Aggregates—More information is ‘needed on the 
¥ hydrostatic compressibility of ‘aggregates, both s sealed and unsealed, and on the 
“4 Poisson ratio of the minerals under the two conditions. 
Extraneous Deformations in Concrete Subjected to H ydrostatic : Pressure.— 

: The hydrostatic compress ibility of concrete is so small that any simultaneous — 
deformation, such a as might be due to gel expansion caused by squeezing water 
into unfilled pores, could introduce a serious error in the interpretation. — 

> __ better understanding of the effect of water pressure on concrete is needed. aid 
Compressibility of Aggregates: wed to Water Pressure.— —The a 


kerosene as the tests are needed on larger specimens 


‘8. Effect of Capillarity of Water —In view of the Tange 
F “theoretical effect of capillarity on the percolation of water through concrete, — 
- tests should be made to determine the rates of penetration of water into 


a concrete | specimens in which the pressure gradient i is about the same as in a 
a. The permeability of well-designed mass concretes, siiasstaiiieg mixes a8 
ae as: 2 bags of cement per cu yd, are so low as to indicate that equilibrium — 
pore pressures are not likely to be achieved in a moderate number of decades, 


if ever. 


ay 
¢ 
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a & ‘The effect of entrained air is found not only to reduce the permeability 


of concrete but also to delay the penetration of water into a dam am by a a factor 
of several times, by virtue of the water capacity of the air voids. a ius. ni-t 
-_ @, The effective area over which pore pressure acts in concrete can be 

estimated from the relative compressibilities of sealed and unsealed specimens 

subjected to fluid pressure; 
_ d, The maximum effective pore area to be expected in the lean concretes- — 
tested in the current program varies from 97% in the 3-bag-per-cu-yd mix to 

98% in the 2-bag-per-cu-yd mix. Gale 10} 3704 {li iw 
The effective pore area in most common appears to be more 
orf f. The expansion ane to saturation and pore pressure is a large factor in 

reducing the likelihood of high tensile stress near the upstream | face of a gravity 
- dam, as my as the pore pressure is localized 1 near the 1 a: 


Tyler of the Portland Association ; B. W. M. ASCE, F.B. 
Slichter, . ASCE, A.M. ASCE, ‘DOA. Buzzell, M . ASCE, and 


APPENDIX, RELATIONSHIP BETW EEN STRAINS 
> 
"Before 1956, the (or strain) of conevete appeared to be the only 
measurable action which is closely related to uplift forces. Therefore, it is — 
of importance to derive an equation for effective pore area in terms of measured _ 
Before becoming involved and possibly confused by the general treatment 
a of uplift forces, one might first consider an “Sdealized” porous solid which has ie 
many of the « of concrete. The idealized concrete can be likened 
to the section shown in Fig. 3, in which most of the solid particles have been | 
_ collected into cubes and the remainder, together with the pores, comprise a 
‘filler material between cubes. The specimen in Fig. 3 is a large sphere, and the 
unit cell is exactly 1 cu in. "Merely for convenience, the solid cube is assumed © 
to be 0.9 in. on a side, leaving 0.05 in. all around for filler material. For _ 
further simplicity, the filler material is pictured as fibers or columns between 
cubes having a sectional area of exactly 0.1 sq in. per gross sq in. In this a 
case the total pore space can be computed to be 24.4% of the volume, the void — 
area on a section through the solid cube is 19% (chosen so as to miss ~<a 
4 columns of filler material), and the void area on a section between cubes i is 90%. 7 w 
x ‘The expression for “percentage effective uplift area” can be determined in a 
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expression is first written for stress consequent strain due to 


‘s the application of a hydrostatic load on the spherical specimen of which the 
= 1-in. cube i is an interior, unit cell . For this first step, it is assumed that the 


interior. If the test actually is made by the application of water pressure o 
_ the surface of the sphere, s some relief must then be provided for the pressure 
which will develop in the p pores s due to volume change because the equations 
_ will assume zero pore pressure for this step. _ _ Actually, it is simpler to make the | 


test by applying an axial load to a -eylindrical specimen and computing the 


corresponding strain for triaxial. load (hy drostatic) by applying | a double 


reference condition strain) requires that the specimen be fully 


but under no stress of jeay kind ; this applies to the succeeding two steps as well. 
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2. An expression is then written for the strain due to hydrostatic pressure 

when the pressure has } penetrated the pores and is applied to the surface as well. 

3. Finally, the strain is expressed after a quick removal of the er 
—— from the surface ¢ of the s sphere, with the pore pressure | within the sphere 
remaining s as in the second step. . The internal pore pressure is assumed to 

- remain unchanged in this step, neglecting the effect of volume change, because 

it is desired to to simulate the static condition i a dam. big bo” of OO 

Ris It can now be shown. that abet menage from Step 2 to Step 3 amounts to 

removing the pressure from 100% of the surface area, and because Step 1 
+ amounts to applying the pressure to 100% of the area, a subtraction of the 

strain of Step 3 from that of ‘Step 2 should equal the strain of Step 1, , except 


For the case in which the modulus of elasticity and the Poisson ratio of the - 


_— eolid material are known or assumed to be 8 X 10° |b per sq in. . and 0.25, 
respectively, the solid columns in the filler are to have the 


~ 
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— modulus of ny of the > TOSS filler n material to be 0 0. 8 x sca Ib per sq in. 7 
| This is mer is . For further 


‘ al in., and the primary ¢ concern will be the vertical stresses in the unit cell. oi) 
we) Step 1 —The stress due to a surface pressure of 1 lb pe per sq in. is simply | 
“% 1 lb per sq in. in all directions, with no pore pressure. _ The contribution to — 
"vertical strain by the filler material is equal to the stress times the length © 
—. 05 in. above and 0.05 in. below, or 0.1 in.) and divided by EZ (0.8 X 10° Ib 
ag sq in.) and the area (1 sq in.). The Poisson-ratio effect is considered to — 
be negligible in the filler material as far as this strain is concerned because — 
pressure is not applied to the sides of the filler elements. - ‘The contribution to : 
_ vertical strain by the solid cube is the stress times the length (0.9 in.) divided - _ 
y by E (8 X 108 lb per sq in.) and the area (0.81 sq in.). The Poisson-ratio 
effect reduces this strain by 25% for the stress in each lateral direction; the — 
da: strain can simply be multiplied by 0.50 to take account of the Poisson vetle: 
Thus, for the total vertical strain in Step1, 


a beh Step 2. —Hydrostatic pressure in the pores, as well as at the surface, produces 
- a compressive strain which is independent of the pore area. It is ; merely the 
stress divided by E(8 X 108 lb per sq in.), corrected for the Poisson ratio by 
subtracting 25% for each lateral direction. _ Thus, the strain in Step 2 is tsi 
tk Step 38. —Quick vinionil of pressure from the surface of the sp sphere produces 
somewhat more complex stresses. If n is the fractional area subject to pore — “4 
_- pressure in the filler material, the stress in the filler material is found by 
a balancing the forces on a plane through the material and parallel to a face of 
| the cube. The product of n and the pressure must equal the tensile force per 
- Bross square inch of filler as the external force i is zero. Thus, the force i in the 7 
filler is simply n pounds per r square inch, ‘based on the full area. The strain _ 
7 due to this force is n times the length (0.1 in.) divided by E(0.8 lb per sq in. 7 
_ This must be corrected, however, for the additional expansion of the fibersdue __ 
to water pressure around them, and this is the pressure (1 Ib per sq in.) times a 
. the length (0.1 in.) times 0.50 (for the doutle Poisson ratio) and divided by an 
X lb per sq in. because of the solid fibers). In addition, there is a 
slight tension in the solid cube which can be found to be 0.19 Ib by balancing 7 
a the forces on a plane through the cube. The contribution to strain by this ar 
5 tension in the cube is 0.19 times the length (0.9 in.) times 0.50 to allow for the 
double Poisson- ratio. correction and divided by E(S x 10° Ib per sq in.) 


same elastic properties. However, to make the case a little more general, it is — 
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i sels n + 0. us + 0. 0132 + - 0.0625 = 0.1943 


4 
numerical values into de ny ™ 2 alien fo 


pir’ Thus, it is seen that the area in the filler 
. section) might have been found from an analysis of measured strains to be _ 
90%, as it should be in this known case. This means that the specimen should — x 
fail when subjected to internal pore pressure (only) of an intensity about 10% ‘ 

tere the tensile strength. However, it may be be noted that the stress in the 

aggregate particles (cubes) is low. a bie nh (pe [x a vd 
It is of interest to examine the stress conditions on a practical scale before q 
proceeding further. Suppose that the pore pressure were 200 lb per sq in. 
as at the base of a 460-ft dam, instead of 1 lb per sq in. ‘The tensile stress in 7 


the fibers of the filler material of this idealized example must then be 200 X 10 a | 

or 2,000 lb per sqin. In any tensile loading of concrete, the stresses must be | 
magni similarly i in those elements which support the stress applied to the 

Now the stress in the solid cube (simulating the aggregate) was found to _ 
‘a be very low. a In this } example, in | which the volume = voids was 8 247% (rather — 


per sq in. (0.19 lb times 200 and divided by 0.81). Of course, this value meu 
be applied directly to concrete because the volume percentage 0 of voids has | been 
deliberately made higher than that which would be deduced by taking a section 
through the aggregate. However, a fact, which is illustrated by the example, 
is that uplift force does. not produce an over-all pull on the concrete nor is the = 
*) tension anywhere near uniform from point to point. ‘The tension is highest 
4 across sections where the void areas are greatest, which is not really surprising. 4 
Another fact illustrated by this example and consistent with strain studies on 
actual concrete is that the tensile strains due to the uplift force of pore pressure 
are almost as great as if there were actually an over-all pull on the concrete 
_ Of the full amount of the “effective” uplift. This is merely a consequence of 
x the relatively high modulus of dantiolte ai of the solid constituents of the average _ 


concrete, The filler material (with its voids) is ee for most of tha 


DEVELOPMENT 01 OF Equation | ror Upuirt AREA 


aid The nature of concrete is such that an exact mathematical expression Fade } 
uplift: cannot be developed from only those physical properties ordinarily 
“known, i For example, it is clear that any particle of aggregate which is un- — 
— over its entire surface should be considered to be part of the voids 
because it can take part i in no structural action. | Although aggregate a 


are not likely to be unbonded « their entire ares 


find 
“cases 
— effect 
| ind 
| 
— 
tens! 
aver 
ora 
hete 
ther 
ther 
| 
‘ 
pr 
| 
fe 
‘It 
0 
gi 


‘GRAVITY DAMS 
find particles ¢ to unbounded « over substantial parts s of their areas and, in such 
cases, they would act partly | as voids. Also Ae, At minor P Poisson- =a 


inadvisable to strive for an exact mathematical expression for uplift area. _ 4 7 
he _ The area which must be e determined is is that of a section which passes through 
the largest possible nu number of voids | without deviating too far from a plane 
section. This may be termed the ‘ ‘worst section” and one which yields the - 
largest area. The requirement that it may f not deviate too far from a plane 
section is s used to avoid introducing shearing strength; ; this investigation is 
concerned only with the area of pore pressure which must be supported - 


average plane: section will have the same void area as the concrete as a . whole, ra 
_ or about 15% for ordinary mass concrete with air entrainment. Thus, the | 
worst section is a special one and highly | localized. When dealing with a 
hetero ogeneous sienna like concrete, the worst section in one region may be a 
he somewhat different from that in another region. It should be realized that a 
. strain measured on a 10-in. gage length spans many worst sections, as well ~-_ 
many sections with low areas. It appears to be expecting too much, 
therefore, for measured strains to reveal the one worst section. In the idealized 7 
analysis which follows, the intention is to reveal the worst plane section that 
ight be expected w ith an arrangement of particles which ‘maintains all the 
known properties of the concrete. Ate 
It may be possible to obtain a fairly dependable solution of the effective-_ 
3 area problem by considering the concrete to be idealized as in the foregoing — 7 
example. _ That is—assume most of the solid matter to be collected into cubes, __ 


v4. with the remainder of the solids and the voids comprising the porous filler 
- material between cubes. The exact quantity of filler material can be computed — be 
to satisfy the conditions, assuming that only that part of the solid matter | r auf 

Ww hich can be treated as columns betw een cubes shall be assigned to the filler. _—_ 

The volume of voids must be known, and the quantity of solids in the filler a 

is then computed so as to account for the modulus of elasticity of the concrete 

being lower than that of the solids. Thus, Fig. has been prepared 


known watio of moduli and of known veld ‘content of a 
 conerete. In this treatment, it is assumed that all solids have the same modulus 
elasticity an and the same ‘Poisson ratio; this may be approximately true because 
voids are responsible for the large variations in elastic moduli among rocks. a7 
_ It may be seen from the development of the equation f for uplift area that the 
Poisson ratio for composite concrete is not applicable. However, computa- 

tion will show that a reasonable ratio, considerably lower than that for ae 

solids, is a natural consequence of the separate treatment of solids and paste _ 

In e he following is a short derivation of an equation for the effective uplift 
- area, n. Because this derivation is exactly parallel with the example already 
given, little further explanation i is necessary. The final result i is 
of the Poisson ratio; the ingredients have the ‘same inherent prop= 


this is expected gil 
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OF More GENERAL Equation FOR Evrecrive Upuirr 


ougy fis the linear amount of filler r per ir inch (between cubes), F denotes the y 
amount of solid per inch, P is the pore pressure, u represents the Poisson ratio & 
& of all solid material, E, is the modulus of elasticity of filler material (based on 
gross area), E, equals the modulus of elasticity of solid ‘material, E, is the 
modulus of elasticity of concrete (composite filler and cubes), a denotes the 
“void area (1 — F*), nis the fraction of area subject to uplift, and e represents 


fer pe pore re pressure an and load. bert 
The E,-term can be eliminated by expressing it in terms of E, and E,. If — 
s 1 Ib per sq in. is applied to layers of filler f inches thick and to a layer of solid 
4 F inches thick and F? in area, the sum of the deformations is that of 1 in. of the 
_ idealized concrete. _ Thus, the concrete strain for 1 lb per sq in. is | } 


a Solving for E, and defining Ey/B. as C, one finds 


— 2) = Q, Eq. 3 leads eads to tedt fa has we 


Ay poked bier 


- 


7 


* on the relative moduli and then pore ore volume a and they can be found most senda: 
from Fig. 2(b). hut 
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a Aa aa £4 The effective area is thus expressed in terms of relative moduli of elasticity and F 1951, 
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ve 
Mr. Carlson is needed and, it is will be by this paper. This 
work by Mr. Carlson also appeared as an appendix to a ) @ report? published by 
Waterways Experiment Station at Jackson, Miss. 
_ The laboratory tests initiated by Mr. Davis for the Corps of nate r 


have been continued by the Waterways Experiment Station. | _ The work done 
TABLE -1—SumMary oF PERMEABILITY Data FROM TESTS on 14}- In. 


15-IN. Concrers ar 200 Ls PE 


weight 3 months | | 15yr 


—|- 


A 
B 
Cc 
D 
E 
F 
G 
H 
I 


140 


ie * Value of K is given in cubic feet per second per square as foot of head per foot of length X 101, 4 
: 7 fei * The 3-month specimens were retested at an age of 1 yr. ther results are for initial testing. Bios 


at the University of California? and subsequent work up to 1951 by the Water- 
. . _ways Experiment Station have been reported on by Herbert K. Cook.* Results 
: of these tests through an an age sof 23 yr are given ina report”. and through : an age 
of 5 yr in a revision thereof. ® A summary of the average results is given in — 


Laainua Serarim,"' M. ASCE.—This paper is of great interest to those 


who are concerned with uplift in dams because it deals with important items — 
by which | have not_ been sufficiently considered in various publications on the 


The writer has had occasion to consider” the various aspects of uplift i in : 
_ Masonry dams and to compare the different opinions expressed in the vast — 


U. 8. Dept. of the Army, Jackson, Miss. ne ; 
7“Permeability and Triaxial Tests of Lean Mather, E. J. Callan, E 
McCoy, and R. W. Carlson, Technical Memorandum No. Waterman Station, U. 
Dept. of the Army, Vicksburg, Miss., March, 1954. 
id = _*“Permeability Tests of Lean Mass Concrete,” by Herbert K. Cook, yea Tet A.S.T.M., Vol. 51, | 
* “Revision A—Permesbility ‘of Cenerete at Five Youn Age,” Supplement. to Technical M 
6-880, Waterways Experiment Station, U. 8. Dept. of the Army, Vicks ure, Miss., July, 1955. — hea 


ante 


os. & Research Engr., Head, Dam Studies Section, National Civ. Eng. Lab., Lisbon, Portugal 
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“A Subpressio nas by J. Lage Serafim, Publication N 56, Laboratério Nacional de 
ngenharia Civil, 1954 = 
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‘{SERAFIM ON GRAVITY DAMS 


bibliography « on this matter. naps on of the first conclusions resulting from this 
_ comparison is that there are actually three distinct problems, and not two, in 


Wh hat is the distribution of pressure of the water in the concrete pores? 
e i 2. What is the effective area over which that pore pressure acts? aM 
3. What is the interpretation to be g given to the stresses caused by these 


4 


As to the first problem Mr. Carlson gives some very useful information 


_ that, as the time necessary for the complete saturation of a dam is considerable, 
- only i in very special cases will there be a linear pressure distribution Across 8 
dam. Thatis, the percolation of the water will not, as a rule, be steady. 
analysis" of unsteady flow of water through concrete it was concluded that aa 
is by a differential equation of the type, 


en presenting the implications of permeability tests. shows, for example, 


thet time; Po denotes the atmospheric pressure; Cy Ca, at and are 
which depend on the phy sical properties of the concrete and on the ¢ quantity of 
air trapped within the concrete pores during the filtration of the water; and 7 
the sum of the three principal s 


=z 


‘The similarity of Eq. 12 with Fourier’ s differential equation for heat con- 


shows that the interpretation ‘made by the Tennessee Valley Authority 

of the very interesting pore pressure observations in Hiwassee Dam (North i 

With regard to the remarks made about capillarity, the writer—by means 

of very simple equipment—determined capillary rises of approximately 50 ft — 
for: concrete.* This equipment was originally used for permeability tests with — 

 & view to verifying the validity of Darcy’s law for the flow of water under low ts 


_ The problem of the effective area of porous bodies is closely related to the oa | 


Bt ~cermeese of the interpretation of the stresses set up by the pre pressures in the p pores. 4] 
=a _ Hence, it is convenient to discuss the latter first - In fact, it is believed that the ¢ 


- different opinions ; about the forces produced by pore pressure. Certain. state at 


ments by Mr. Carlson, such as (in the “Introduction”) stress 
distribution is the same when uplift pressure is acting as when there is =; 


3A Subpressfio nas Barragens,” by J. Laginha Serafim, Publication No. 56, Laboratério Nacional de 
Engenharia Civil, Lisbon, 1954, Chapter 4,p.68. 


_\ “Measurements of Structural Behaviour of Norris and Hiwassee Dams,” Technical Memorandum Fa | 


67, Tennessee Valley Authority, Knoxville, Tenn.,1950. © Nacional 


a 18 “A Subpressdo nas Barragens,” by J. Laginha Serafim, Publication No. 55, Laboratério ‘Nacional de 
Engenharia Civil, Lisbon, 1954, Chapter 5, p. 140. 
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pressure” or (under the heading, “Uplifting Fore Produced by Pore Pressure”) 
«*** the uplift force on any § section depends only on the pore pressure and ys 


in 
' area at that section again (under the same heading) “ * the uplift 
—_ - produced locally by the pore pressure acting as a jack within the | pores? OO" 
st can be understood better if the third problem is discussed. That is, it is el ? 


"sary to give a acceptable interpretations to the terms “uplift” and “stress.” Mian Bie 
Publications like those by J. H. Brahtz"* clarify the meanings of these terms. in Pr 
On the one hand, when one speaks of stresses in concrete, mean puna are / “a 
_considered—that is, their mean values in areas considerably greater than nthose is 
4 of the pores or the size of the aggregates. © When speaking of uplift stresses, the . 
_ game meaning of the term stress has to be: maintained, but, on the other hand, i ~ 
“ when dealing with forces produced by pore pressures, the scale of dimensions — 
has to be reduced to the size of these pores and the size of solid bonds between — E. 
ait ie porous body such as a a concrete cylinder is is submitted, externally and in 7 
the pores, to a uniform pressure, it will not break and the deformations pro- 
. duced in it will be negligible. The well-known breaking tests in tension!’ and 
in compression’* on samples submitted to uniform pressures in the pores and = 
on the outside show clearly (and it is doubtful whether they show more than 7 
_ this) that the strength of concrete, both tensile and compressive, is not altered P 
ed high pressures in the pores. yd of apogolens ei 
In view of the foregoing it can be stated that a body subjected to a uniform — 


pores. In other words, it can be said that the “total stresses” in such a body 
are at all points equal to the pressures in its pores and that the “ effective 
stresses” (those which rupture or deform) are nil. The expression ‘ “effective 


stress” for concrete can have a meaning analogous to that used in soil me- pe 


Mt If the: rupture of concrete in tension or compression appears to result from | 
| the rupture of the bonds between the solid particles, # in sections with a mini- 
mum area of solid, it is 3 only « of interest to consider the effective stresses in these 
eet Such sections are simultaneously those of the greatest ‘ ‘effective ¥ 


area.” Also, it is the deformations of of the solid bonds which principally ac- 
low | count for the deformations of the concrete when it is loaded ex 
ou me _ fore, the effective stress for soils is an indication of the forces between the 
) the 7 is grains and, for concrete, an indication of the forces transmitted by the solid 


ores. bonds in the section of smallest bond area. mi 


xternally. There-— 


If a concrete pillar, 100 ft high, is embedded in _ impermeable rock at the 7 
bottom of a 200-ft-deep lake, the pores of the concrete at the base of the pillar 


tate- would contain water at ure: of 86 Ib in. and, at the same time, 
tress 
nO 


“Versuche aber die Zugtesti keit ‘bei Wasserdruck,” by P . Fillunger, Oesterreichische 
_ Wochensehrift far den Offentlichen Baudienst, Heft 29, 1915, p. 443. x ae 


Effect of Pressure on the Shearing Strength of Concrete,” by D. 
8d Cong. on Large Dams, Vol. 1, Report 48, Stockholm, 1948. r 

“Stress Conditions for the Failure of Coner Concrete and Rock,” "by K. Terza erzaghi, Proceedings, ASB. 8. T. 
Ne 45, 1945, 
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SERAFIM ON GRAVITY DAMS 
“uplift a at the base of the pillar (taking the effective area as ‘as 100%) would only | a 
— (effective) tensile stresses of 43 Ib. per sq in. . Therefore, the value of 
the pore pressure does not give, by itself, the value of the stresses due to hens: = 
pressures. G It appears, therefore, more reasonable to admit that the uplift 
forces result from the gradients of pressures in the pores between the point 
under consideration and the surface of the body, 
From the definition adopted previously for the effective stresses, it can easily. 
F _ be shown” that the forces caused by pore pressures are in the nature of body | 
“forces in which the components per unit volume are the derivatives of the 
p, times the effective area, n—0(np)/dz, 0(np)/dy, O(np)/dz. 
hogs — It should be noted that, if the effective area is not constant from one point 


to another, its variation is responsible for the presence of body forces. Hence, 


point and another, because the cement is 
the material having the greatest effective area) in concrete surrounds all the ~ 
aggregate, n can be considered as constant in the computation of the stresses _ 
a which interest the engineer (mean effective stresses). 
_ From the consideration of the body forces referred to previously, it has been 
4 demonstrated* that a loading due to pore pressure (steady or unsteady flow) 
is analogous to the loading produced by temperature variations which is given 


= 


of thermal expansion. . It has also been demonstrated that, in simple cases 
(state of plane strain and pressures corresponding toa steady flow), the uplift” 
stresses are given by the difference between the stresses which would act on the. 
body if it were impermeable and the value of the product of the e pressures in in the 
_ Karl Terzaghi, Hon. M. ASCE, has stated” that the effective area of perme- — 

4 able bodies could only be determined by teste. However, the deductions of Mr. 
- Carlson are quite acceptable from the logical point of view and also do not con- 
On the basis of various tests, the writer is of the opinion that the value of : 
_ that area depends on the test conditions—that is, the effects of the pressures of a bd 


- 


- fluid in the concrete por pores are different according to whether one is dealing with — | : - 
_ rupture tests or tests by measuring deformations and lalso according tothetype [| a 
of fluid used in the tests. 7 a | 
In the tests performed‘ by Mr. Leliavsky the were tested to rupture. 


Rupture was caused by tensile forces set up by the pressure variations in the e 
pores, from the zone of failure to the external end of the samples. The values 4 


Civil, Lisbon, 1954, p. 46. 


“Simple Tests Determine Hydrostatic Uplift,” 
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of the effective area found by Mr. Leliavsky (mean value 0.91) have therefore 
to be taken into consideration when the stability of construction in relation 


- was to measure the forces and deformations produced by pore pressures. Ten 


series of mortar cylinders and two series of neat-cement-paste cylinders were 
tested. Using the equipm 


a 


a 


y | 
tests performed by the writer (similar to those of Mr. Davis") the object 
N 
the cylinders were maintained in constant axial compression during the test. — 
ire. 4 The total longitudinal deformations, and also the strains, in the mean section a > 
the were measured in percolation tests with nitrogen and with water. In the test 
ues ~ in which strains were measured there was a compensating strain gage mounted — ‘se — 
mesa = on a small briquette (of the same material as the cylinder) placed in the ; — 
chamber and, therefore, it was not necessary to subtract from 
xe biained the strains produced by the volumetric compression of the 
terial. In fact, these were eliminated in the reading given vy the strain indi- “ 


LELIAVSKY ON “GRAVITY Dams 


- 3 cator. In the tests in | which the total longitudinal deformations were ‘measured re 
oo, by external dial gages, the longitudinal deformations due to the volumetric 
= compressibility of the solid material were deducted from the values obtained. Sl 
The tensile forces caused by the percolation of the fluid were computed { from 
the values of the deformation or strains produced by the longitudinal compres- + 
gion ahd from the values of the decrease of these deformations or strains reed 
7 by the pore pressure. These forces allowed the effective area of the samples to 
‘ be estimated by taking into account the effect of creep. 
_ um The nitrogen tests on dry samples produced values of the effective area, n, 
_ varying from 0.8 to 1.0. The results showed that n increases slightly with the 
4 4 water-cement ratio, with the value of | the pore pressures, and with the dryness 
— of the samples. ' The tests in which water was used resulted in values between i 
- 0.40 for compact mortars and 0.80 for lean mixes. , In one of the tests, water at 
a pressure of 560 Ib per sq in. was maintained around the sample for 19 days, 
4 and there was no increase of n after 2 hr following the application of the water _ ® 
Cie. ie _ The low values obtained by the water tests suggested the lack of mobility — "3 
of the adsorbed water films. The nitrogen tests also showed that the area 2 of - 
~ solid bonds between particles is small when compared with the area of the voids. wi 
_-'The results of the writer’s tests do not agree with the statement under the a 
: heading, “Uplifting Force Produced by Pore Pressure,” “ * * * the test program — 
‘of Mr. Davis] could not yield the effective area * **in the simple manner | q 


“4 which had been anticipated.” If this were true, the values found now would af 


g always have been equal to unity. The v writer feels very much m¢ more inclined to 
_ believe in tests rather than in the theoretical considerations even though they 
may have the interest and logical exactness of those which were een ait 


_ Serce Lewiavsky,* M. ASCE. —Essentially, this paper is a review of a om ; 
of investigations conducted in the United States on uplift in dams, be- 
ginning” about 1948. is, however, significant. point that Mr. Carlson 
disregards entirely the report#* of the Subcommittee on in Masonry 


aq 


q 
g 


very fact that the of this are thus disregarded 
a wire to the writer that the Subcommittee failed to settle the uplift problem. | 
attempting to: solve this problem, , the author ‘does not u use the classical 
theory 
as “idealized conerete’ 24 ’ (under the bang, “Uniting Force ‘Pro- 
number of oversimplified diagrams of this it ‘will be 
- remembered, were first introduced into the theory of uplift by P. Fillunger** 
—— 


- 
“Readi in Philosophy of Science,” by H. Poincaré, in “Science and Hypothesis,”” Dover Publica- 
“Uplift in Maso: Dams: Final Report of the Subcommittee « on Uplift in Masonry Dams of the : 
Committee on Masonry Dams of the Power Division, 1951,” Transactions, ASCE, Vol. 117, 1952, P. 1218. 


} 
Ing. u, Arch. Ver., 1914, p. 441. fy" 


legion. The danger of such oversimplifications is that an almost imper-_ 
- ceptible alteration in the idealized model frequently reverses the result, <a 
a: __ How does the author apply the proposed method to the problem posed ae 
Terzaghi in 194877 Terzaghi asked what happens to the uplift 
_ pressure if all the imaginary solid particles of the “ideal pattern” are rearranged : ee 


« to form a number of vertical columns, and if all the voids are arranged | to form 


_ Idealized models of this description became obsolete when Mr. Terzaghi re 
developed the differential equations by which the problem can be solved as 
i: definitely as the more general elastic problem was solved in the beginning o of the — 
nineteenth | century. . The point is that in addition to his experiments, ae 
:* are frequently quoted, Mr. Terzaghi contributed a general theory of a 
i _ which i is essential in studying the problem. The failure to test conclusions — 
against that theory” i is a serious lack in Mr. Carlson’s paper. ‘eniliz 
In any future effort to advance this branch of engineering science, the ° 
publications of Mr. Féppl,® Mr. Fillunger,” M. Rudeloff and Mr. Panzer- 
bieter,* Oscar Hoffman,” and especially Mr. Terzaghi?* must first be translated 
into English and thoroughly assimilated. 
igs At a time when so much attention is focused on the concepts of aa as 
strength” or “limit?” design, the - methods: and experiments described by the 
author are, in fact, a step backward. _ The method of testing which he describes a. 
i is essentially the same as that used in 1940-1945 by the writer.‘ There is this 
bg difference however: Whereas the writer’s conclusions were based on the “ulti- se 
mate” or “limit” conditions, | a which the test piece broke under the effect 


‘injested i in concrete), the author’s results are derived from the deformation 

_ of unbroken specimens. The writer’ s method is the more correct: and more eee a 

«van — the author were required to verify the resistance of a bridge, would he > a 


tS: base his conclusions on an average section of the girder or on ts weakest 
tag section? The reply is obvious, and the same applies to the uplift problem 
x because here, as in a bridge, failure occurs at the weakest section—that is, Bey i. 
_ that section in which the effect of uplift is the greatest whereas the resistance 
is the lowest. general principle defines the location and method of 


surface of rupture. Therefore, conclusions based on an average section 
_ of the specimen (as was the case in the author’s experiments) are essentially ke 


valueless. Possibly they may have some value as additional er 


throwing light on some secondary aspects of the problem but not as basic oe 


_ In this connection, an analogy with the main "principles of reinforced — re 
Proceedings, 3d Cong. on Large Dams, Stockholm, 1948, Vol. I, Discussion on Question No. 8. - 


28“Die Wirksame Flachenporositat des Betons, by Karl von Terzaghi, d. Osterr. Ing. 
4 Arch. Ver., 1934, Nos. 1-2, pp. 6-9. 


“Mitt. a. d. mech.-techn. Lab. d. k. “Ménchen,’ Heft, 1900, p. 16. 
d. Statische Berechnung v. Talsperren,” Zeitschr. d. Osterr. Ing. u. Ver., 
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“LELIAVSKY ON GRAVITY DAMS 


beam i is s materially larger than that assumed in the calculation of whore : 


latter is confined to compressed area only. Defiection is 
— of numberless infinitesimal deformations and depen nds, therefore, on 
‘average conditions throughout the entire length of the member. On the other ce 
hand, failure occurs in one e point only—that i is, in the weakest section, bei » 
this section, 
of resistance. same is also valid as regards the uplift 
~ because here, as in a reinforced concrete beam, the observed deformation is — 
of average conditions ‘(that i is, an average uplift 


oi area is @ maximum and the resistance minimum, and the dam must ae 
- am calculated accordingly—that i is, depending on the results obtained with speci i 


mathematics demonstrates that recorded figures based on 
one single section are more affected by accidental circumstances than are - by 
averages, and this explains the reason which prompted the writer to use the 
_— theory of probability in systematizing the results of his numerous i 7 
tests on the failure of specimens. Experience of that nature is believed to be 4 


rather important for it allows a deeper insight into the physical circumstances 


Another fallacy incorporated in the argument is the implicit a 
a -assumiption that permeability and porosity, on the one hand, and the ses 
uplift area, on the other, are, of necessity, correlated. ae Soe. 

a Extensive p practice with specimens tested to destruction tends to p situ » the 

_ existence of two different concepts—the microstructure and the microfailure. 
pA: Since the author of the paper places si so much faith on his idealized models, — 


another idealized pattern may be suggested—just for once—although not as a 


3 an proof but only as an explanation of what is meant by the two quoted concepts. a 
this connection attention is called to Fig. 1 which shows two schematized 


diet materials with obviously ‘different porosities. In both cases , the effective 
uplift area is 100% if the failure surfaces between bad are vertical and 


4 


3 


area, and it is obvious that in order to obtain experimental information on 


failure, the test piece must be made to fail. 


— 
design might be enlightening. It is a matter of common knowledge 
a! 8é€68§=6__that the sectional area controlling the deformation of a reinforced concrete _ 
mens tested to Gestruction rather than On the measured Geiormations O ne 
~ 
€ particularly When the latver 15 produced Dy inversuual pressure in 
eombination with direct load. For instance, such phenomena as the “ago 
q 
— 
ee =_— Thus, depending on the inclination of the surfaces of failure, any effective — a 2 
a 
— 


early. as 1914, ‘Mr. Fil unger that, the surf ce of failure been 
. plane, there would have been no > uplift force beenune: the additional weight of 
-_~ water contained in the pores would have then balanced the additional 
interstitial pressure. The fact that uplift does exist and that it is, in fact, a . 
_ significant parameter in designing dams was explained by Mr. Fillunger as the 
differences in the porosities of binding material and aggregate, respectively. 
Mr. . Terzaghi propounded the much more convincing, and better established, ,e 
principle that the surface of failure was not a , plane and therefore the porosity — 
oof this surface was not the same as the average volumetric porosity of the __ 
material (and this, as a reasoned exception to Delesse’s law). It follows that , 
the effective uplift area cannot be determined from the deformations of sp speci- 
mens which depend on the average porosity, 


This instance is believed to show that, before undertaking experiments _ 
which are intended as pioneer work, previous literature on the subject must be — i 


Another mirage the paper seems to be pursuing is revealed by the attempts _ 
to produce specimens of equal permeability. — : M. Mary** and the writer® have 7 


4 shown that no matter what results may be arrived at in the laboratory, in , 
_ actual dam building wide differences may be > expected even in samples taken g 


_ _The 800-yr curve in Fig. 1 is certainly sensational but scarcely consistent — 


_ with the fact that large quantities of percolating discharge develop frequently _ 
; within a a year after the dam i is built. _ The logical chain—discharge, basins 


~ numerous persons. _ The writer cannot agree with these “discoveries.” 
instance, the author is certainly wrong in stating (under the “weil a 
lifting Force Product by Pore Pressure’’) that it has been proved that there is Car 
no over-all pull i in the specimen tested in the manner first used by the writer,*.** ee 
and later by Mr. Davies, and that “* * * the uplift is is produced locally by the ee. 
_ pore pressure acting as a jack within the — #&#&8©6©.. |. 
writer questions this statement. interstitial acts asa 
_ jack within the pores is correct, of course. _ However, because the infinitesimal — 
q _ solid between the pores is surrounded by the interstitial water on all its sides, 
a - one must imagine another jack being applied on the opposite side of the first 
: jack, the net result being, therefore, an infinitesimal fc force equal to the difference 
between the forces of the two i imaginary jacks—in r reality, equal to the differ- pe 
Fe ence between the two interstitial water pressures, acting on either side of ee 7 


It is the accumulated effect o! of these infinitesimal differences which causes 
7 the rupture of the specimen, or failure of the dam, : as the cs case e may be. ‘This a 


2 accumulated force can be transferred to the surface of rupture in no other way, 


nouveau type de barrage en enrochements: Le batardeau de by M. Mary, 
Periodique No. 7, International Commission on Large Dams, December, 1938. 
“Sep _ 4¢“Pore versus Crack as o Basis of U ure ee t,” by Serge Leliavsky, Report 18, 3d Cong. on Lar 
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CARLSON ON GRAVITY Paws 


“Ror Ww. Canon, 
Sera the writer wishes to revise the 


“ regarding sw area subject to uplift. Conclusion 3 would then read as follows: Wg 


. The maximum pore area in concrete subject to pore pressure cannot be 
eee from its effect on strains over customary gage lengths; strai 

- measurements can, at best, yield only some sort of average area. The only — 

_ as known and defensible method for determining the one, maximum pore area 

which exists in a specific concrete is that of testing to failure, as was done* 

24 by Mr. Leliavsky. An approximate estimate can be made of the — 


ee » by studying idealised 1 models Is which h: have all the essential 


_ The discussion of Mr. Serafim shows a good understanding of the subject of oo a 


uplift, but the writer cannot agree | that the effective areas Mr. Serafi m de- 


<a writer is convinced that strain measurements cannot reveal the “worst” area. 
_ Although | it is s true that strains in concrete peor to pore ‘pressure 


_ appears no logical reason why strains over a a considerable gage length | should — 


reveal the one largest pore area in a specimen. The writer agrees with Mr. — 
se _ Leliaveky that the “weakest section” is the one which should govern, 


idealised model. However, much can be learned from. such a ‘model if it 


— all the essential, measurable properties of the concrete. Mr. Leliav-— 


(eee 
hy what happens to the uplift pressure if all the imaginary solid particles _ 
3 the ‘ideal pattern’ are rearranged to form a number of vertical colum 8, 


and if all the voids are arranged to form vertical wells?” = 


‘The answer to this is that one no longer has anything simulating concrete 
a idealized model must have all the essential properties of the concrete 
- itself. If the model has vertical columns of solids, the modulus of elasticity — 
a 2 be too high because the modulus of elasticity of the solids is usually several 
times that of the concrete. Furthermore, the "properties « of the model will | 
differ greatly in different directions. The model originally postulated, oe ‘ 
ever, maintains all the essential, measurable properties of the concrete. Not 
- only are the moduli of elasticity and Poisson’s ratio of both solids and com- 
posite concrete preserved, but the porosity is correct also; the properties are 
the same in each of the three principal directions of measurement. = = ~ 
a 


> 


except by what the ull.” This instance 
supplies a vivid demonstration of what was said earlier on “idealized models— 4 
a namely, the ease with which such a model (in this case, the jack) can be made 4 
to prove the extreme opposite of its original argument, 
i 
| 


"CARLO N ON G 


2HARSUIOUR iD 40 ¥7 TAIDOS A 
_ In support of the ‘conclusion that concrete is relatively impermeable, it is 


~ maintained that the leakage which occurs through dams does not occur ‘through 

sound concrete. After inspecting scores of dams in service, many of which - eT 

leaked badly, the writer has yet to see evidence of water percolating through 

sound -conerete. It is. true that concrete v: varies greatly from point to point, 

a in a thick dam there are not likely to be any long percolation paths (still 
i _ considering only the sound concrete), and the average permeability should be 
very nearly the governing one. Percolation of water through dams is a serious 

problem, but the percolation is likely to be through cracks and joints. a 
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AMERICAN “SOCIETY OF CIVIL ENGINEERS 


A 4 


po mes new outlying airports rather than of redeveloping ‘‘close-in” airports. 
_ However, experience at the few locations for which usable data are av ailable | 
a demonstrates clearly that airport distance of any magnitude has a decided de- 


pressive ve effect on air-traffic generation. - In addition, the redevelopment of a 4 


a _ close-in airport, as against the development of an outlying airport, saves the 

’ - community the added costs which would result from longer ground travel ; the 

oy value of the associated added ground time; the benefits of the airport pegrell 

7 4 and the loss of an important attraction of new industry. Consequently, be- 
_ fore a choice is made between a distant location or a close-in location for a 

municipal airport, , the effect of airport distance on air-traffic g generation, and the 


‘resultant financial effects should be evaluated. 


During 1955 and 1956 several major wihilen s announced t that t they h: had weal 
_ orders for turbo-jet aircraft for use on domestic as well as overseas routes. On 


— July 26, 1955, an airline inaugurated the first service with turbo-prop aircraft 


on United States domestic routes when it began operations on its Washington- 
Chicago and Washington- Norfolk flights. These two developments emphasize 


“4 the problem of adjustment which must be accomplished between the require- 


___ _It is not the purpose of this paper to evaluate the problem | posed by jet 
_ aircraft, with respect to either landing area and air-space requirements, or to 


influence on surrounding areas of _the noise nuisance which 


<a Nore. —Published, essentially as printed here, in May, 1956, as Proceedings Paper 978. Positions and 


-* Pres., James C. Buckley, Inc., Terminal and Transportation Consultants, New York, N. Y. os 


titles given are those in effect when the paper was approved for publication in Transactions. <a = 


a ments of turbo-prop aircraft and turbo-jet aircraft on the one hand and the — 
facilities at major commercial airports. on the other, ai! 


a>: 


« 
j 
, 
‘Discussions of the landing-area rec P 
ei 
tl 
— 


4 
portation by turbo-jet aircraft will require production o of ‘aircraft with tidings ; 
area requirements reasonably within present recommended standards and with - 
a noise level which can be tolerated at existing airports. — Manufacturers can | 
and will have to find the means to produce such aircraft. 
_ The purpose of this paper, however, is to call attention to the fact that eur- 
rent discussions about jet aircraft are likely to strengthen a tendency among — 
_ engineers and laymen to think | only i in terms of developing : new "outlying air- 
tions both from the standpoint of the community sad from the standpoint of 4 
ix the maximum development of air transportation generally to indicate the i im- 
i portance of giving equal or greater consideration to the possibility o of redevelop- 
ing and expanding close-in airport locations, 


= The effect of airport distance on a community's 8 economy and the extent to 


which a community may y be able to p ny s a premium pr price for a close-in airport 


Errect or Arrport DisTaNcE oN AIR-TRAFFIC GENERATION 
a nlike the policies adopted for marketing most goods and services, there is 


7 a feeling that the place of offering air services does not substantially affect the 


7 a quantity of that service purchased by consumers. Thus, even businessmen who _ 
rs ; regard location as a vital factor in their own businesses sses may be led to disregard - 
the same factor v when thinking about airports. 
To a considerable extent, the effect of airport distance on traffic generation © 
: ion failed to be appreciated because there have been so few data available to — 


‘illustrate and establish such effects. s. They can, of ¢ course, be measured on 


her of two general 
By examining changes in ‘air-traffic generation at major air-transporta-_ 
tion centers—where there has been a a major change in the airport distance— 
on b. By examining air-traffic generation in relation to population i in areas 
‘and areas distant from a airport or group of airports ata particular point 


cre _ Evaluations based on a “before- ~and-after Pilea are limited because in 
the United States there are so few major air-traffic centers where there has been 
8 significant change i in airport distance to justify a conclusion. _ Evaluations Z is 
based on | air-traffic generation in relation to population at varying distances — 
i = from a given airport or airports at a given point in time are even more difficult _ 
7 because so few data have ever been assembled | on the local origins and destina- ‘ 
tions of air passengers. It has been possible, however, in the course of work = 
on several airport and air-transportation projects to evaluate pertinent data 
_ On & group of situations covering both types of measurement, and the results 
_ and implications of these evaluations will be discussed here. T hey are import- 
e ant because: they imply | that a substantial volume of air traffic is lost because of 


ht airport distance. Data on the following have been assembled and evaluated: q 


1. The effect on a major segment of | the Detroit (Mich.) air travel market — 
ze the removal of its airline airport from ; a location 6 miles from the city center 7 


= = — 
ar, 
af 
” 
{ 
— 
" 
a 
i 
a 
= ¢ 7 
— 
2g 
le 
| 
0 
= 


an SOCIETY. OF CLY: VIL ENG) 
a 2. The relationship between air-traffic generation and population at twenty- 
; = aa California airports for the population less than 10 miles from each airport 
_ and for the population from 10 miles to 20 miles fromeach airport; 
_ 3. The relationship between air-traffic generation and population within 
the City of Dallas (Tex.) for areas close to the airline airport and for areas 


— 


distant from the airline sirport;and 
4, The relationship between air-traffic generation and population for areas 


Barly j in 1947 scheduled airline operations : at Detroit moved the ¢ 


r; Detroit Municipal Airport, 6 miles northeast of downtown Detroit, to the _ 

Willow Run Airport, 31 miles west of the city. The Willow Run Airport i is 12 
miles from Ann Arbor (Mich.), a city of 48,000, and. only 3 miles from Ypsilanti. 4 
(Mich.), a city of 18,000; both cities could be expected to contribute more 
traffic at Willow Run than at the old airport. | A limited- ACCESS ptr 


pal 


Sufficient time has elapsed to evaluate the | effect of this : airport. move and to 


1 _ determine answers to the following questions: (a) Were any passengers lost to 


air transportation at Detroit as a result of the change in airport location? — 


ortation res cati 
= If so, were these passengers ever regained? 


7 ont not be sufficiently refined because some changes would be sagen even 4 
(if the airport had not been changed. A better measurement would relate 
a changes in passenger development at Detroit to the normal trend of the market 
_as indicated by developments in another, or control, group of cities. The con-— 
trol group should | not, of course, contain cities of too different a size in relation 
_ to Detroit nor should they be from sections of the country undergoing very’ 
different growth patterns since 1946. “wile bia soled” 
control group was” established, therefore, consisting of all standard 
a metropolitan areas of more than 500,000 population within 300 miles of Detroit. 
=a cities constituting the control group were Buffalo, Chicago (Ill.), Cincinnati 
(Ohio), Cleveland (Ohio), Columbus (Ohio), Indianapolis (Ind.), Milwaukee 
7 a (Wis.), Pittsburgh (Pa.), and Youngstown (Ohio). In September, 1946, be- 
@ fore the airport move, Detroit’ 8 originating and terminating traffic with these } 
cities was 53. 2% of its total traffic, but in September, 1954, it was only 37. 9%. 4 
St _ The universe of traffic pairs to be considered in the analysis consisted of 45 2 


ffer r r 
_ different traffic pairs. They are considered in two groups as follows: 


te ‘a 1. The 9 traffic pairs consisting of Detroit paired with each of the 9 cities” 


aw 2 . The 36 different traffic pairs consisting of each of the cities in the control 
group paired with each other such city. Bilary sands 


1& The number of origin-destination passengers reported for each Septembe 


for w hich Civil Aeronautics Board data are available was compiled for each = 3 


“ ‘pair. th The < city totals for the control-group | pairs (each such city y paired with each 
2 other) and the grand total of a pairs are shown in Fig. 1 as solid 


7 
3 
tr 
q 

2 
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of the trends for the individual cities. = red 
-, The sum of the Detroit pairs and | the ‘sum ¢ of the non- -Detroit pairs are shown 

Fig. 1 as short and long dashed curves respectively. is apparent that the 
ae trend of passenger development at the city which moved its airport (Detroit) 


is different from the trend for the control group. From these two curves it 


300000, 


are 


0 1941 1942 1943 1944 1945 1946 1947 1948 1949 1980 1961 1952 1953 1956 7 


and the pairs was parallel, or at almost the same rate 
7 gr rowth ; (b) from 1949 to 1954 traffic development for the Detroit pairs and the 
sa control-group pairs was ‘parallel, or at almost the same rate of growth; | and ( 

between 1946 and 1949 was there difference in the trend. 
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“group pairs had a generall 


these observations ‘it ‘is that the effect. of f moving the 4 
-- at Detroit took three } years to manifest itself fully in reduced passenger 
traffic and that a normal rate of development resulted at the reduced level. : 
The reasons for the effect’s requiring three years to show itself ‘fully. can only | 
: be ‘surmised. _ Apparently the manner in which air service is woven into the 
el - fabric of business and personal life in a modern metropolis is so complex that 
readjustments to changes in its place of offering can only be made gradually. 
As: a group, the people who travel most by: air cannot, perhaps, , suddenly forego a 
that habit without making it more difficult to meet business and personal obli- 3 
gations. _ For people who travel frequently, the location of the airport isa i 
factor to o consider in 1 selecting a place to live, buta change i in 1 airports pene 
does not mean that they will move from their homes immediately, 
ee summary has been prepared on the basis that the rate of t traffic develop- 
"ment was normal : at Detroit from 1940 to (1946 and again from 1949 to 1953, 


. but that from 1946 to 1949 traffic development was affected by the airport ae 


_ change, and that the control-group experience best indicates what would have — 


happened had service been available at the Detroit Municipal Airport through- . ¥ 


_ out the entire period. Thus, for the three-year adjustment period the trend of a4 ; 
the control group has been used whereas beginning with 1949 the actual a 
e Detroit trend is reintroduced although at a new level (dotted curve in Fig. 1). _ 
a The difference between the estimated traffic development as desc * 
herein (dotted curve) and the actual traffic for the Detroit pairs (short-dash — 
| 2 ’ curve) i is the measure of the loss of traffic with these pairs. The percentage loss 
of traffic normally to be expected at Detroit increased from 1946 to 1949; in 4 
; 1949 it was 46.3%. The history from 1949 to 1954 shows that this loss of = 
; avail ailable traffic has continued in a range of from 39.7% to 49. 0%. | There _ 
reason to it will continue as as air service is available 


THE CALIFORNIA EXaMpes 


> q traveling i in California on n scheduled airlines was ‘made he ave Institute of Trans- A 
=n and Traffic Engineering of the University of California (Berkeley), — 


in cooperation five national airlines. . As stated in the report of 
airlines 
survey,? the primary purposes of the survey were to obtain data on the cor 


graphic distribution of homes of passengers and points of origin of ground trips" 
_ to each airport. . Summary data on the origin of ground tri trips v were presented for — 


_ From the report it was possible to study the effect of — distance a 


an. that their air passengers would not be true measures of the effect of distance on . 
_ the generation of passengers. — ‘It has been possible, howe ever, to study | a large j 


pi 
~ number of cases in which the larger cities are sometimes closer and ‘sometimes — 


ipa Research Report 220. 10-1," Inst. of Transportation and Traffic Eng., Univ. of California, Berkeley, a 
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TRAFFIC 


_ farther away from the airports so that the chance characteristics of communities a 


eliminated in the final result. The procedures es used wer were as follows: 

» ‘ 1. Around each California airport were drawn n two circles, one with a radius 


tied 


ee of 10 miles and the other with a radius of 20 miles. — Any area w which was within | 


= miles of two or more separate airports was not considered. = = = 


For seach airport all populated reported in the United 


those within 10 miles of the airport and those more than 10 miles distant but 


within 20 miles of the airport. 
ol 3. The passengers reported on for each community were entered in the ap- 

propriate places, 

4, The pasnengue-qenevating rates per 1,000 population were then computed 

7 for the cities in the 0-10 ) mile zone and also for those in the 10-20 mile zone. 

- The passenger-generating rate per 1,000 population in the 0-10 mile 

gone was taken as normal, assigned an index of 100.0, and, on this basis, the 


passenger-generating rate index of ‘the 10-20 mile zone was computed. 
1— 


Loss in per-capita passenger genera- 

tion of communities 10 to 20 miles _ 

from airport relative tocommunities _ 
| 0 to 10 miles from same airport (%) 


Modesto Municipal 
Watsonville | Municipal 
Visalia Municipal 

‘San Diego Municipal. . 
Beach Municipal. . 


- 

Oxnar entura unty 4 


edi 


 Itw - possible to make | this comparison for a total of twenty-one airports in © 
. For the other airports, no comparison was possible either because 


Santa Barbara Municipal. 
-Bakersfield—Kern No. 1. 
Ontario International 


aat 


7 - tants in one or the other of the two mileage bands, or r because 3 no ) passengers had 
been reported for such places, or because all points within 20 miles of the air : 


were also within 20 20 miles of another airport. 


summary of the percentage loss in per- -capita passenger generation 


in the 10-20 mile zone from the airport relative to 
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TRAFFIC 


oid From Table 1 it will be _— that at all but two ) of the: twenty-one California a 


_ for communities 10-20 miles from their airports and that the typical loss at 4 
these communities was from 60% | to 80% as ‘compared with communities — 


_ closer to their airports. These relationships are long-term relationships and — 


reflect settled adjustment of communities to airport distances. 


ap In. a general evaluation | of its s airport-development program, the City “of 
Dallas in December, 1951, , conducted a a carefully controlled sample survey of a 
‘passengers enplaning and deplaning at its airline airport to determine, among 


beige BS lo 


8 
ay! 
6 
4b 
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terminating ‘their j journeys 4 at Dallas. These data also included the length of 3 
air journey for each p passenger interviewed. Asa result, these data provide 3 
basis for evaluating both the effect of airport distance on air-traffic generation 
and the extent to which the length of the air travel itself may minimize this Pe: 
effect. The analysis was conducted asfollows: 
1, The local origins and destinations of Dallas’ resident air passengers, 38 


indicated by a sample survey at Love Field, were distributed by U. 8. Census 


tracts within the city and by length of airtrip, 


> 2. The relative air-passenger potential of each Dallas census tract was com- 
puted by wining the family population in each tract for income. - Higher- 
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4 TRAFFIC GENERATION 


income families were more heavily weighted than lo lower-income families on the 
oups. duqog molt 


4, The number of air passengers per thousand (after 
for income) was for each band ane for 


ing the oteet of ground distance on passenger ‘generation for a different length 
of air trip. + Curves were fitted to the points. The | curve for all trips is shown | 


The graphs sh show that for very short-haul air trips the loss of idee: 


35 gum is only slightly y greater | than that for mé medium an and long-haul trips and : 


fox 
a j 


(ADsU8TED FOR INcoME) 
Length of oir trip, in 3 ‘Percentage loss of air- 


ball ba it From 2 to 4 miles 7 10 to 13 miles ad? of * 


100-149 14: by A x 100. 


for all lengths of air trip. In Table 2 these losses for a ground haul of from 2 a 


S*) miles to 4 miles and for one of from 10 miles to 13 miles are compared. wy ait | 
| ie ‘These data regarding the effect of airport distance on air traffic at Dallas” al 
: certainly disprove the idea that airport distance is not a factor affecting long- — 
haul air travel. _ They re reinforce the views - of those who believe that travel, a 5 
“ie regardless of distance, is s only « one facet of a complex of business and personal a 
* activity and that it can be encouraged and discouraged, not merely lost to an- _ a 
| other form of transport. This view is not inconsistent with the finding (as at A>. 
Dallas) that for short-haul trips there is a greater! oss of Potential 
P than for the medium and long-haul trips, 
THe BurFraLo EXAMPLE ad} toa) toutail bas 
Exhibits submitted tip City” of Falls (N. Y.) in the Niagara 
Falls Airport Case‘ indicated a sound factual basis for determining the effect of _ 
: distance on air-passenger generation in the Buffalo-Niagara Falls (New York) i . 
_ area. This was done by making a detailed analysis o of 4,339 air-trip insurance i. 
policies written at the Buffalo Municipal Airport in March and September, 


Niagara Falls Airport Case, CAB Docket No. 6125, May 26, 1954. 


of 3. The census tracts were divided into ground-distance bands from Love 

nd 
of of oronhs one show 

han) 

I 
aa 
4 

§ 

as 

us 


1952, and September, 1953, in order to determine th the incidence of air in 
a “gelation to population for various distance zones around the Buffalo airport. | 


Ue 
ows ba 


oe, The data establish the fact that the area lying from 15 miles to 25 miles ay 
the Buffalo airport generates 3 37.7% less air traffic i in relation n to population than 


CONCLUSIONS AS = THE EFFEecT OF Arrrort Distanc cE =, Arr-TRAFFIC 


_-‘These examples | covering experience in widely se separated parts of ‘the United 
‘States lead to the ym that = there i is & demonstrable — on air- 


passengers lost appears to be of the oi of 40% c or eaten _ This lost traffic i is 


probably far more valuable to the air carriers in terms of line-haul revenue and 
to the community in terms of time and and money ‘savings and added attractive- 


; nes ness to industry than any any y added expense which might be entailed in n making a 


close-in airport suitable to accommodate needed scheduled airline services. 
‘To test this point, it will be worth wi while to consider the ai of af ayes ee: 


on the ny of ity 
3 economy of a 


“Although a no are as to the impact on 
communities of close-in and distant airports, a carefully documented study of 

j this problem was made by the City of Dallas and submitted to the Civil Aero- 
nautics Board in the so-called Reopened Fayetteville Proceeding. . a 
‘The occasion was a hearing by the Civil Aeronautics Board on whether it 
should rescind an order which required a local service airline on one of its 

~ routes to serve Dallas through the Fort Worth (Tex.) International Airport, 
18.3 miles from the Dallas city center, and prohibited service to Dallas on that 


route segment at the Dallas airline airport which is only ni ms miles from the city 


center. 
were submitted which | show that in Dallas the major - concentrations 2 

4 _ of air passengers and air freight are immediately accessible to the Dallas airport — 
and distant from the Fort Worth airport (Fig. 3). ‘ais! 


ae Data were also submitted on the basis of extensive test runs between all 
- distance e required between each section of the city and the more distant perio 

the results are plotted as contours in Fig. 3. Indicative of the results of this 
_ investigation are the oe data which indicate that more than _ of 
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y Also submitted were detailed data which established that, ase sae of the a 
use of its close-in airport, the Dallas economy is spending (a) 33.3% less on 4 
4 airport limousine fares; (6) 70% less on taxicab fares to and from the airport; 7 
g — (c) 67% less ees on private automobile e expense to and from the : airport; (d) 56. 2, 
| ~ on ground-transportation time for air passengers; and (e) 68.4% less of 4 


distance and associated costs for air ‘freight. These savings, expressed i 


dollars as a lowest common denominator, are listed in Table 3. _ ay je fog a 
Impressive though these direct dollar savings to the community’s economy 
- it must be remembered that they a are only a minimum estimate of the el 


TABLE 3.—ESsTIMATED MintumuM SAVINGs TO THE DaLLas EconoMY FROM 


‘THE AVAILABILITY AND Use or a Crose-In AIRPORT 


Typeofairtrafic | 198 #1955 | 1960. 


$1,791,251 


“a? The value to the community of the : airport ’s payroll, most of which is ka e 
be the airport is situated at a distant point usually outside the city limits 
_ At Dallas, for "instance, the airline airport currently provides jobs for approxi- 
mately 3, 3,000 people with an annual payroll of close to » $20, 000,000. bones a 
2. The value to the community of the airport as an attractor of new indus- a 
try which i is lost with a distant airport. At Dallas, for example, the principal — 4 
executive of the Trinity Industrial District has stated that-the Feonvenient 
_ availability of the airport has been a major factor in attracting several of their _ 
3. The value to the of the a airport as an aid to the 


of checks moving via air mail to and from their mapeiainete banks in small an dq St 
A medium-size communities. The bankers have said that they could not afford 
_ to perform this service, which helps their business s greatly, if they were required ob 


— air passengers would require more than 15 minutes additional ground 
| 
2 


which prevail a at other 1 major or air-traffic centers throughout 

_ States. On the contrary, the factors benefiting the Dallas economy because of 7 
‘the availability and use of a close-in airport are factors common to most of the yo 
major metropolitan areas. — In the light of these facts, it is hardly conceivable — 
that either the engineer or the layman would wish any city to forego develop- 
ment or redevelopment of a close-in airport without a full evaluation of the a = 
benefits which would be lost from its abandonment as compared to the cost of - 


_ its continuance. An example or two will illustrate the point even more clearly: oa 


Ths First, there i is considerable concern currently about providing at each end 
of the principal r runway of ‘commercial airports the so-called Doolittle clear 
szone—that is, an area 1,000 ft wide and 2,640 ft long at each end of the runway. 
_ Because most airports have been providing from 1,000 ft to 1,200 ft of such — 
7 clearance, a a given airport might have to secure at both ends of its principal — 
runway, land measuring 1,400 ft long and 1,000 ft wide—or about 35 acres. 
If this were miscellaneous improved real estate, such as that which might be ~ 
_ found adjoining an airport from: 5 miles t to 7 miles from a city center, it might — 
possi = cost $250,000 an acre, or a total of $17,500,000 for the 70 acres. y= 
_ though this appears to be a tremendous price to pay for 70 additional acres at 
an airport, it becomes almost a bargain} in a community such as Dallas where this — 
price is less than the ten years’ saving ng that the community will realize from the ; 
use of its close-in airport; this expenditure savesthecommunity thetremendous 
additional capital investment of acquiring land and developing a new airport 
A _ Another example is one which many communities with close-in airports = 
om may face in the next ten years—the desirability of lengthening their principal bs 
a runway by 1,000 ft or 2,000 ft for the better accommodation of jet aircraft. y 
= iv A 2,000-ft addition to an instrument runway with a parallel taxiway and warm- — 
> te up path would require about 80 acres, which again might cost approximately - > 
$250,000 per acre for miscellaneous improved real estate, or $20,000,000 to 
_ acquire the needed land. Again, this apparently large expenditure for only 
80 acres of land appears to be more of a sound business investment when it is e 
remembered that the community will not have to develop a new , airport which a 
may cost from $25,000,000 to $50,000,000 and that annual benefits will continue. ae 
Ina city like Dallas, annual benefits will total i in eight years as much a as the co 


st 


> tance on air-traffic generation, on the air carriers, and on the communities | 
concerned. Although the available pertinent data are not as extensively de- 


_ veloped as one would like, they are wntnomly indicative of the fact that: _ 
1, There is a very substantial loss in air traffic when a community must 


accept its air service through a distant airport. 


by "ou alg 2. This loss in air traffic has a direct and detrimental effect on the revenues yr 
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3. The community conéerned § is burdened with a determinable expense be- 
4 cause of the necessity of using a distant airport, an expense which appears — 

_ Substantially greater than na added costs of developing and extending close-in i 
4, The co community | using ‘a distant airport is at an additional disadvantage 
by not having substantial ancillary benefits, such as a stable working force — 

within the city limits, a a strong attraction to new and expanded industry, and a 


- capacity to maintain and improve the competitive position of local industry. 
_ From these facts it can be implied that it is the obligation of the engineer 
a engaged on an airport location or relocation project to make certain that the 
a - community concerned evaluates well the benefits of a close-in airport in relation | 
4 to any alleged disadvantages | and compares these with the alleged benefits and _ 
demonstrable disadvantages of an outlying airport before finally abandoning ; 


_ the thought of developing or redeveloping close-in commercial | airport facilities. 
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| Paper No. salto mc ai baa = 


have on the capacity of the combined surface er and 
: grade. The analysis is based on the representation of the subgrade as a sys- 
tem of springs or, equivalently, as a heavy liquid. ai 
4a Approximate formulas are obtained for the maximum tensile stress in the 
surface layer and the maximum deflection of the surface layer that are pro- 
is _ duced by load: loads distributed uniformly in circular areas . A limit is established 
_ for the range nge of applicability o of these formulas and this bound also determines _ 
the range of usefulness of the surface layer, 
In the range of usefulness, it is shown that reasonable nonuniformity of 
load distribution and built-in tensions of plausible . magnitude are of se secondary 
importance. Also, nonlinear effects caused by noninfinitesimal deflections are — 
_ negligible if the deflections of the surface layer are no larger than than approximately 


_ letter symbols for use in this paper are they 

fist appear and a are arranged alphabetically for convenience of reference in 


It i is proposed to study herein various theoretical questions which | ‘arise 
when one considers the load- -carrying capacity of a foundation consisting of 
: a8 subgrade strengthened by a relatively thin surface layer that is stronger — a 


the subgrade. — The surface ve layer may be a mat, a concrete layer, or the subsoil 


a: itself which has been improved to a certain depth by the use of vacious additives. 
Two basic questions confront the investigator at the outset of a study of 
ia this type. They are: (a) What should be assumed i in regard to the behavior - 


»\ Steel —Published , essentially as as printed here, i in May, 1955, a as Proceedings-Separate » No. 690. Posi- 
= and titles given are those in effect when the paper was approved for publication in Transactions. — 


* Prof. of Mathematics, Massachusetts Inst. of Technology, Cambridge, Mass. 
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BLASTIC PLATE STRESSES 


the subgrade, and (b) what should be assumed in Tegard to the behavior of the 


It appears rend in previous work of this type the has been con- 


subgrade like a system of parallel tension-compression springs. The Th 
latter assumption is equivalent to the consideration of the subgrade as a heavy — 
therefore often termed the liquid-subgrade assumption. 
0 the foregoing assumptions is, at best, an approximation of the — ‘ 
actual behavior of the subgrade under load. indicates, however, 
- that the approximation is quite close for subsoils of normal consistencies carry- 
_ ing loads of such distribution as to permit the return to approximately original — 
‘conditions 1 upon removal of the loads. It is clearly o one of the functions of the - 
_ flexible surface layer to cause a distribution of load on the subsoil which would _ 
‘permit the existence of this condition for larger total loads than would be — 
— in the absence of the surface layer. er. 
It is necessary to be more specific regarding the behavior of the ‘flexible a 
- surface layer. The following types of action characterize a flexible surface: 
(1) Bending action, (2) tension-surface action, and (3) transverse-shear action. 


Action of types 1 and 3 are always present, although often one of them, usually __ 


type 3, is negligible compared i to the other. a Action of type 2 may or may not 


‘The manner in which the flexible surface may be represented for the pur- 


- face to the thickness « of the surface layer. © For values of this ratio beginning at 


4 approximately unity it is possible to consider the surface layer’ as a “thin 


. 4 plate,” in a manner which will be explained subsequently, rather than as a 
three-dimensional continuum. Yo bos a0 aod 6 beol 


Nature or Resuits OBTAINED oldizilged 
_ The quantities determined subsequently are primarily (a) the maximum > 


value of the pressure on the subgrade at the interface of subgrade and surface 

layer and (b) the maximum value of the tensile stress in the surface layer, 
- These two quantities are determined by their dependence on yas are 

believed to be the essential parameters that enter into the problem: prot One a 


1. The elasticity of the surface layer; 
_ 2. The thickness of the surface layer; _ 


4 rmation characteristics of the subgr 


‘used can be justified o on wider than was heretofore 
od possible. Although some of these restrictions may have been implicit in the 
earlier work, at least one of them, which is to be formulated herein, has pre 
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shown fairly close analogies between the “elastic” and the “liquid” 
behavior, it was considered justified to base the present work on only one as- — 
sumption concerning subgrade behavior. For this one assumption it was na- 


tural to choose the simpler—that is, the assumption of a liquid reread ie 


characterized by a foundation constant, ul Yo x0 


_ The following four special problems pertaining to the various po 
properties of the surface layer have been solved. == | 
4 abe nfinite Elastic Plate: Uniform Load on a Finite Circular Area.—The | plate 7 
is: treated by conventional plate theory. The results for this case have been pre-— 
sented previously by G. Pickett and others,? and the present computations con- a 
firm the formulas of these authors. . Added to these results is a requirement that .. 


the formulas to 


thickness changes and elastic-modulus for the 
pha nfinite Elastic Plate: Load Distributed Parabolically over a Finite Circu- 
lar Area. —Because the actual nature of the load-intensity distribution over the — 
assumed circular area is not actually known, it seems appropriate to investigate 
the differences in plate stress and foundation pressure due to changer in load ~ a 
distribution for constant total load. The re! relevant computations are made | 
— for one family of significant load distributions. It is found that, up toa certain 
: _ Value of a basic parameter, the results for Problem 1 and Problem 2 are the ? 


for all practical purposes. Significant discrepancies appear i in Problem at 


Bs 


_ connection with the use of the analytical formulas for the plate with uniform * ‘Zs 
zy load distribution. 'The formulas for Problem 2 have been specifically obtained r 


for use herein, and it is possible that they have not been amined published _ 


nfinite Elastic Plate: Uniform ‘Tension in Plane of Plate and ‘Uniformly 
Distributed Lateral Load.—Because the installation of the flexible surface may io 
build into it a state of pretension (for example, through shrinkage in a chemi- 
_ cally treated surface), it seemed advisable to investigate the influence of built-in 7 
7 tension on foundation pressure and plate bending stresses. An explicit solution 4 ‘ 
was obtained for this problem ; it is believed that this solution i is new. Iti Ss 
found that the tension possible in chemically treated surface layers is so 
# that its effect is minor. However, the analy tical solution obtained should be a a 
_ of more value than just revealing this fact. Thes solution permits a numerical a 
f analysis of ‘similar problems in a unified manner between the two extreme 
S. conditions of (a) the plate without built-in tension and (b) the case in which ‘a 
this tension is the dominating factor and the flexural resistance of the plate oy 


a 


™ 
~~ “Deflections, Moments and Reactive Pressures for Concrete | Perenietn” by G. Pickett, 


 Raville, W. C. Jones, and F. J. Bulletin No. 66, Kansas College, “Manhattan, 


Because the object of this analysis is the comp 
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Nonlinear Effects. —In most problems concerning transverse 
of flat plates the relationships between loads and deflections are effectively — 
dinear as long as the deflections remain less than ‘approximately one-half the 
_ plate thickness. Because plates on a flexible subgrade apparently have not 
a heretofore been checked in regard to this property, such an analysis is presented 
herein. It is found that, for this condition also, nonlinearity becomes signifi- 
pom only for displacements of half the plate thickness or more. In many or 
most problems pertaining to flexible surfaces on flexible subgrades, this means 
that the ordinary linear, small-deflection theory is adequate. The present ; 
_ paper goes somewhat beyond establishing this result. It also includes a 
- formulation of the nonlinear problem which is particularly convenient for the - 
_ actual computation of nonlinear corrections to the linear theory, in the event 
that such computation might become desirable. 


_— The differential equation for an infinite elastic plate | carrying a load dis- 
tributed uniformly over a finite 


factor, equal to E (l— For the present problem the 


in which a i is the radius of the cin circular load surface and r is the radial distance ; 
from the center of this surface. 


. The foundation pressure oF, b 


The in the fibers of the plate, and 


gireumferential directions. These areexpressedas 


ee eee 


in which h is the plate thickness, Z, the modulus of elasticity, and y is the Poisson 
ratio. Eqs. 3 and 4 are independent of the form of the pressure-intensity 
function and will be used also in subsequent sections of this vue ; egonine 
solution of Eqs. 1 and 2 is of the following form: 


— 

i) 

2 

: 

| 


and in which J, H®, and A are ‘Bessel and Hankel functions i in the usual 


pt For Eq. 5 it is to be n noted that Vi on Further- 


y1 = Uoilpr,— ) +t Vor 


AM (U-V U 
_ The symbol J represents Bessel functions of the first kind; 4 Bessel functions — 
of the second kind; and u, v, U, and V, the real and imaginary parts of these _ 
Bessel functions. Because all these functions, with subscripts zero and one, 
have been tabulated elsewhere* it is quite ‘simple to plot the displacement 
Profile, w(r), as expressed by Eq. 5initsdependenceonr. 
It is plausible a and may be confirmed by computation that w is largest at 
the origin, r = 0. Therefore, the foundation pressure, op, a8 expressed by Eq. Z 
- 3 is also largest for r=0. The value of the maximum foundation pressure, 2 
will be examined first. From Eqs.3and5, 
‘T he result of Eq. 6a is also given by Mr. ‘Pickett and others. a It may be : 
expressed in terms of a pressure coefficient, C, which is defined as the —_— “= 


‘The results expressed in Eqs. 6a and be expressed in terms 
‘of the so-called Kelvin functions, which are real and i imaginary parts of various 
_ types of Bessel functions with argument proportional to Vi. In terms of these 


Shh “Table of the Bessel Functions Yo(z) and Y:(z) for Complex Arguments,” Computation Lab., Na- | 

- tional Bureau of Standards, U. 8. Dept. of Commerce, Columbia Univ. , New York, N. Y., 1950. i 
4“"Table of the Bessel Functions Jo(z) and J:(z) for Complex Argumenta,” Mathematical Tables 
"Project, National of — 18 » Univ. New York, N. . 
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=e "derivatives may be found conveniently in the tables of H. B. Dwight.*® ou 
Ath this point it i is well to consider the actual behavior of the pressure coeffici- 


ent, asa function of p pa= k/D a. Table 1 supplies information on this q 
Leu 


3B would seem to be the object of the flexible surface layer to reduce appreci- 


ably the maximum value of the load pressure on the subsoil. Accordingly, for 
- 4 the flexible surface layer to be ‘significant, pressure coefficients appreciably less 


_ than unity would be required. This requirement, according to Table 1, reduces 7 = 
the range of physically significant values of p a = ¥k/D ato values not greatly 
in excess of unity. Furthermore, redirecting attention to Eq. 5, it is only for as — 


long as pr< pa is not more than approximately unity that the deflection w 
ro inde the load area is substantially uniform, because only then is it true that — 


Jor) does not differ much from unity. ry The foregoing considerations suggest 5 
that technical application of flexible surface layers be restricted to values of 


“a pa approximately equal to unity. Additional reasons for this restriction will : 


Polynomial Approximation.—If p a is not larger than approximately unity, 
‘it is ge to or. the e meaning of the pressure coefficient, C, as expressed 


TE 


— 


0.305 | 0.55 | 0.787 

by Eq. 6a, by introducing into Eq. 6c for ker’ p a the first fow terms of its series 

representation in the vicinity of the point, p 


a= 0. Mr. Dwight’s tables’ 
lead to th to the following approximate for Cc: 


Eq. 6d should not be used for values of p a greater than unity. One may oe 


Eq. 6d, with p = Vk/D k ‘121 ~ w*)/(E hi), in the following instructive, 


In Eq. 6e the variables describing the surface layer are the modulus, £, and 


ty the thickness, h. It is seen that i increasing z the thickness, h, means reducing 
si , the pressure coefficient and, similarly, increasing the stiffness of the surface- oh 


layer material—that i is, making larger—reduces- the of the 


coefficient. ficient. U se of the simple formula, Eq. 6e, requires that 
vie pa= 12 (1 mi 


* “Tables of Integrals and Other Mathematical Data,” by H. B. Dwight, The Macmillan 
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but this ‘requirement, | as stated previously, should approximately cover the 


Bending Stresses.—Explicit values for bending stresses in accordance with» 


; &£ Eqs. 4 will be given here only for the center, r = 0, where their values would be _ 


ra expected to be largest. Moreover, when r= 0, the values of radial and 
stress are the same. Introduction of w from Eqs.5 


in which op(0) = = oen(0) and is the complex conjugate of Eq. 8 
may also be expressed somewhat more in | Kelvin 


9 0 kei’ pa (8b) 


_ Restricting attention again to the cases for which p a is less than approximately — 
unity, one can use the first few t terms of the : series from Mr. Dwight’s ta sad : 
for kei’ p a and approximate for p a kei’ pain Eq. 8b as 


ed = — 


ae Use of Eq. 8c is allowed as long as the inequality (Eq. 7) is » sonal at is, as 


creases as the modulus, of the surface layer increases. 
s b Referring to Eqs. 6 and 8, it is seen that i increasing h decreases both op and ; 
a " op whereas increasing E decreases or but increases gg. This result is, as it 
4 should be, in agreement with data presented by J. H. Reynolds, Jr.,* J.M. 
ASCE. The only way in which the present results may at this point be con- = 


sidered an improvement on these earlier results is in the simple, explicit analyt- _ 


Eqs. 8 for (0) are in agreement, for a a suitably chosen value of the Poisson. 
tatio, , with the test results mentioned previously.» The function F; of 


a at *: ‘Design Criteria for Expediently Solidified Flexible Soil Surfaces,” by J. H. Reynolds, Jr., pane 
dum, Eng. Research and Development Labs., Fort Belvoir, Va., October, 1953, Figs. 1-4. =D 
io pal “Deflections, Moments, and Reactive Pressures for Concrete Pavements,” by G. Pickett, M. 

Sate, W. C. Jones, and F. a McCormick, Bulletin No. 65, Kansas State College, Manhattan, Kans., 
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those results results is is ‘rela ted to Eq 8 as follows: a need 


dts should A, be De noted that. expressions similar to Eqs. 6d and 8c have 


x 


op(0) oor 


42. 


ilar 


Asp p a satisfies the restriction of Eq. 7, reasonable Bee of or(0) and of op (0) 
should follow | from the approximate expressions, Eqs. 6e and 8c. From Eq. _ 
C = 0.36, and from Eq. 8¢, (x = 1/4), o5(0)/po ~ (3/2)(5/4) 4 log 2. 
5. 47. Clearly, the numerical data following from the approximate formulas 


ProBLeM 2: PARABOLIC 


Eq. qd is 0 applicable to an elastic plate having the load d distribution, 


is of interest. When = 1, the load distribution is uniform. When 
2” = 0, the load intensity varies from zero at midpoint to maximum load at 7 
i 4 the outer rim of the load surface. a2 When 1 = 2, the load intensity is greatest = 


=0 and decreases to zero at r r= The total load— 


®“Analytical Tools for Judging Results of Structural Tests of Conerete Pavements, H. 
 Westergaard, Public Roads, Roads, Vol. 4, pp. 185-188. 
aA 


‘a 
Numerical Ezample.—It is assumed that 4 
r bending stress 

— 

— 
F 
a 


following expr 
+paker’pa+ (1 — + paker’ 


(108) 


When 7 = 


= (Cea + C 


a = a nonuniformity 0 of the load distribution. - To be sure that the gaat for 


‘TABLE 2.— —RELATIVE ConTRIBUTIONS TO ‘OP AND op 


stress coefficients — 


uniform load distribution are significant one ‘should, it would appear, require 
that these second terms be negligible compared with the first terms; Table 2 — 
is of use in this determination. TES Tre) -. 
_ Inspection of Table 2 reveals that, when p a is is appreciably larger than ‘unity 
the ‘effect of nonuniformity | of the applied load can no longer be neglected. Be a 
- cause the actual distribution may not be uniform, computations based on uni- » 
formity of of load distribution should be viewed with | caution if p ais than 


infinite elastic plate subjected to a two-dimensional state 7 


| of tension, ¢, | in the plane of the undeflected surface layer, the e horizontal stress Ss 
Bee = al resultants are ho = N. The effect of this state of tension on the resistance’ = 


i> against lateral loads is sheseeied by modifying the differential equation for the 


all 
3 
j 
| 
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Be 
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Attention will be restricted to the case of a uniformly distributed 


p, a8 expressed by Eqs. 2. 


_ The solution, w, is ieend to be of the following form: 7 


H,® (vy) 


y — For th the numerical evaluation of ‘the ef effect of the built-in tensile stress, o 7“ 
Ny) /h, attention 1 will be restricted to the values of the foundation pressure at the — i 
origin, or (0), and to the bending stress in the » plate at the origin, oB (0). (, ~The if 
following expressions are obtained for these two quantities: 


, =1+* 4 \ sing cosd 
off} dtiw botaqmos aldigifgen od emits) 


=+ 4 (1 — 2») — p) n@ coed 
quantities, uh, Ui, and Vi, occurring i in Eqs. 16 and 17 are 3 
vot (pa » >) + in, (p a, 4)) 
(pao) +i Vi 


es -Eq. yields cos 2 
and @ = a/4; the results are thus reduced to those of Problem The 


7 

, 

@ 

— 
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7 
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4 solution presented in Eqs. 13, 14, 15 is valid in the so long as 
2¢| < 1—that is, so long as N<2VkD. Subsequent numerical ex- 
‘amples will show that this relationship is satisfied for practical ' values of N. 
a to deduce from the results the limiting case of a ‘ “membrane! e” with © 
D = 0, one would first have to write the results in a different ee 
nal The use of Eqs. 16 and 17 and the influence of pretension on stresses will be ; 
illustrated by a numerical example. 1489 ergot odT 
; se _ Example. —It i is assumed that a = 9 in., h = 4.5 in., k = 10° lb per cu in. a 
and E = 105 lb per sq in. Hence, to Eqs. as 


OL pa =, Q = 0.96 “ al ‘gaiwollol 


hundreds of pounds per square inch |cos 2 Klor2¢=2/2 
7 oF ~m/4. Taking the first value of ¢ in excess of +/4 for which the functions — 
in the expressions for or and oz are tabulated, @ = 5 4/18 = 50° and cos2¢= © 
cos 100° = — cos80° =— 0.1736. Therefore, ¢ = 3,860 X 0.1736 = 670 lb 
sq in Furthermore, sin = 0.766, cos 50° = = 0. 643, and! i 


ux(0. 96, 50°) = = + 0.356, 01 (0.9 96, 50°) =+ 0.338, 


+ 0. 579. tabw 


tos U,(0. 96, 50°) = 0.% 785, (0.96, 50°) = 


= + 


Eq. 16, or (0)/po = 0. 26, indicates the effect of a 
rte _ of 670 lb per sq in. is to reduce the maximum - 
mately 13% of its value in the absence of ad 


from Eq. 17 (setting = 1/4), (0)/po = 5.25, which indicates” “that 


\ 


_ the effect of pretension in this case reduces the maximum bending stress by y 


Although further numerical ‘examples can readily be solved in the same 
| _ manner as { as the foregoing, it is apparent that pretension stresses of hundreds of pe 
_ pounds per square inch have only a relatively minor influence on foundation ¥ 

_ pressure and bending stress in a flexible surface layer, in the range of dimen- 


sions and rigidities that are under consideration. 


The analysis of nonlinear effects is based on the ‘differential oquatihiitl for 
finite deflections of elastic plates. These are, for the case of rotationally 


WwW 


“Table of the Dene Functions J; and J:(z) for Complex Arguments,” Mathematical Tables 


ject, National aia: of Standards, U. 8. Dept. of Commerce, Columbia Univ. Press, New York, N. Y., 


“Table the ‘Bessel Functions Yo(z) and ¥:(z2) for Complex Arguments,” Lab., 
National Bureau of Standards, U. 8. ean of Commerce, Columbia Univ. Press, New Yor! 1950, 
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ELASTIC PLATE — 


in which the load intensity function, ‘is given by Eq. 
theory. _ The function, F, represents the stresses in the ‘midplane ‘of the plate 
_ which are negligible in the case of sufficiently small deformations. The fore- — 
— ~ going equations correspond to those already considered”? except that in the © 
‘Present treatment the horizontal subgrade reaction is considered negligible. — 
The following is a natural procedure for solving Eqs. 19: _ | ee - 


a. The first of the two equations is solved for w as if the semen term 


__®. With the value of w so determined the ‘second equation is entered and 
¢. -Using these values of F and w, the nonlinear term in the first differential 
equation is computed. If this term, computed in this manner, is small com- 


d with p, the nonlinear effect is negligible. = aL 
pared with p. Py © non vm e v sit ae 


=4 systematic wl means of the introduction of suitable 


_ less variables can furnish important qualitative information in this problem — 
_ without performance of any numerical computations. . It is assumed that a, 
the radius of the load surface, can be considered a “representative” length in the — 
sense » that significant changes are assumed to take place over Metanees of the 
“ a. Then, in the linear theory, the bending term, D V? V*w, is of import- = 
an and the deflection is of the order of magnitude of p a'/D as though it — 
were a plate of radius a supported along the edge instead of continuously by — 
the subgrade. On the the basis of these observations there is set hai ae eet abate p 


ecause of the concerning a, is als also of the order 
A 


of 


‘Deflections, god Reactive Pressures for Concrete ‘te G. Pickett, M. 
Raville, W. C. Jones, and F. J. McCormick, Bulletin No. 65, Kansas State College, Manhattan, Kans. 
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g 


system of differential ial equations to be considered i is now of the form: 


Eh (poat\*1 4 (a 


fey al af 


= 


are still two parameters in 21, 


- 


am 


more e than ‘unity. The r remaining (E h/D) (po a‘/D)?, indicates 
whether or not noulinearity is important. If h/D)(poa‘/D)? is epprox- 
mately unity, ‘nonlinearity is is important. However, if (E h/D) (po a*/D*) 
nonlinearity is not important. This condition 1 may be “expressed i in terms of 
bs deflections. Setting po a‘/D = 6, in which 6 is the deflection according tothe => 
linear theory, an and noting that h/D = 12 (1 — u*)/h*, the foregoing condition 
be written in the form: 12 (1 — <1. That is, nonlinear effects 

are negligible, as long as the deflection, 5, is small compared with the thickness, => 
of the plate. This result, however, ‘requires for its validity that k be 

large compared with ‘unity. k a‘/D is large compared with unity, 

case not considered important here, a different eaniee must be used for 

-. In the event that nonlinear corrections to the ties theory might be de- 
sired, an appropriate systematic procedure would be to develop f and g in 


powers of the parameter (E h/D) (po a*/D)?*. 


| Comparative studies of flexible surface layers endowed with a variety of 


Properties may b be e conducted m« most simply by Tepresenting the subgrade by 
x system of tension-compression 1 springs. This type. of subgrade has the sam 


behavior as a heavy-liquid subgrade characterized by a foundation con- a 
- 


second differential equation, one m — 
ust mak i 
e F nondimensional in such a manner — 
— 
1 
7 
: 
— 
— 
— 
‘ — a 
ae 
— 


_ one and two, transverse-shear ina in the | plate is of quantitative sig- = 
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a nificance. It is recommended that at some future date the work of the present 
paper be supplemented so as to coordinate the present results with results 
the correction effect of transverse-shear deformation. pas the 
It is suggested that the practical usefulness of a flexible surface layer qi 


So long 2s a foregoing limit relationship is satisfied, one has as as simple — 
formulas | representing maximum foundation pressure, or(0), | and maximum 

tensile (bending) stress in the surface ve layer, oB with only a small percentage 


(3) 


"7 the hace relationship of Eq. amet is satisfied, one has the following assur- 


interposition n of the flexible surface layer. tart jon 
8 b. Nonuniformity of the loading-stress distribution is of ‘secondary im- 
Built-in tensions of reasonable ‘magnitude in the flexible surface layer 
_ d. Nonlinear effects due to finite deformation are negligible s so long as the 
. teanevaree deflection due to load of the surface layer i is smaller than half the — 
thickness of the surface layer, Aaa bsebianos fon 


> 


paper is based on a report prepared for the Engineer Research and’ 
Development Laboratories at Fort Belvoir, Va., under Contract DA- 44-009 nail 
ENG-1863, the | final 1 report having been accepted it in March, 1954 54. 
be The wi writer wishes to e express his. appreciation for helpful suggestions co con- 
_ cerning the subject of this paper to Mr. Reynolds, who, at that time, was 
project engineer at Fort Belvoir, and to his T. W. Lambe, M. . ASCE, 
G. E. Murray, and the late D. _W. Taylor of the Soil Mechanics group at the ie < 
Institute of Technology at Cambridge. 
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DIX ‘INFINITE ELASTIC. PLATE CARRYING 
Derivations. —The following derivations include the distributed 


DY Vw + kw = pal 


‘The total load is ‘expressed 


‘wes 2 


r 
0 


- 4 
and is independent of 7. ». At the radius r = a, the solution w has t to satisfy — 
transition which can be written in the form: 


ial equation i is 


wie 
part 


a 


th 
Ar) + ) + A r) 


which 


[k 
V2 D 


e 


= 


“more, J 


in which w Uo sand vo are tabulated as functions of pr. 


— 

| 

The general solution of the differen 
"7 

q 


Ci Jor) Jo(Ar) +7 + n= 

“in which Cy one | are conjugate e complex. 
— order to obtain wy proper form for w in the region a <r, itis necessary Pd 


Jo- - Yo 


Uctive 


Xr) = r). 


(2) = = 


aut 


— = - J 


Both these functions decay exponentially for large values of pr, pr, whereas H o (A r) 
and H(A r) increase exponentially. The latter functions must therefore be 
tae from the e solution o of the present een . Altogether, then, a real 


in which C, and C; are conjugate compl ex. 
For evaluation of transition conditions it is necessary to to utilize the follo following — 


A r) = = — 


corde many: be real function one may write, for the 
(at 
' 
: : 
4 5 
Sine 
ws 
T 
| 
— 
| 
— 


To the transition conditions of Eq. 25, set 


a ei > 


+ 0) 4 n) = Cry Hi C25 Hi) q 41) 
Jo(v) + Cr — 8 (1 — 0) = + 


Egs. 29 and 40, — which permits considerable simplification 
lad Eqs. 41. _ Combining the first and third of Eqs. 41 by suitable addition, st 
C1 I) + n) = 2 
Combining ‘the second and fourth equations suitable addition 


= 


7 
q 


J; 10)... 


1) 
= 


= J,(v) (v) Jo(v) H 
_ The determinant, may be simplified by means of the identity, Jo(z) Y i(z) BS 
= Ss (z) Yo(2) = —2/rz. a Substituting Eqs. 32 into Eq. 43c, there follows . 


= J; (Jo +i de +t rye ti Yo - or 


BSE. danas 
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a 
J 
Ci Ji(v) — C: (v) = = (1 — 9) rt 4 
— 
— 
‘4 
— 
— 
q 
; 
a 
4 
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From 30, 32, a 
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2), Jue) +2 (1 9) Jo) 
In the case of uniform load distribution for which 7 = 1, these expressions are 


To obtain an for center d are Introduced 


T he expression for foundation or(0), is 


in which, with k/D a equal kK, 


4 1 j 
4 


_ 
(x e*!4) = Jo(x + =A 
ch 


= + ile ( :) + 
2 
kei 


iss 
Analogously, 


4 


+ 


x 
21 eine 
2 


an 


(50), 


= 
C; 
| 
th 
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(ker: « — kei, 


) — (ker « + kei: x) = gi 


keri kei, x) -2 9) ker x. 


kere + keine = V2 ker’ 


= « 4(1—n) ( = an 


kei’ « + ker’ 


= 


the following expression on for 


Eq. 51 into Eq. 47 


final in 

Eq. 52 is the same as ~ 10a. if aed Eq. 52 is reduced to Eq. 6c. 


In with Eqs. 4 for bending stresses, rey 


4. 


=_ it 

q 

a _ = ker’ x + (1 — 
8) 

4 
— 

aH and 
| 
| 


2, 


there follows from Eqs. 54: rh 
8 (1-7) 


— 


ith da a= = vand ha a = 3, Eqs. 56 and 53 yield the expressions: 


= 
oen(0) =F +O) —4(1 +4) - n) 
7 Eqs. 57 7 may be written in following form: 


<4 


ml 


=R (1-2 (kei, x + ker; x) 


2 
— 
— 
q 
hy. 
— 
— 
q 
— 
(1 — 5) «kei — 


Eg, 60 i 60 is modified by writing Tm 


ed 


 Therewith, 

(1+ E [> 


When l-1= 0, Eq. 61 is reduced to Eq. 8b. b. Otherwise, it becomes Eq. 10 


pa. 


= 


Ton 10% H 
( 
36 
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 16“Tables of Integrals and Other Mathematical Data,’’ by H. B. Dwight, The Macmillan Co., 


— 
> 
7 — 
4 
a 
— 
‘a 


E LASTIC PLATE STRESSES a 


X36 22 x4 


1 (10 — 
x 9” xo" * 32 


9 x 64 


- 
48 pa = + 

‘When 1—- -n= = 0, Eq. 65 is reduced to 0 Eq. 6d. Otherwise, Eq. 65 shows that, 7 


rd 
even for 0, the foundation pre pressure is the same as if 1 — 0, 


long as paissmall enough. This is in acocediance with the appropriate state 


It is finally noted that Eqs. 8b and for op(0) 


_ ment made in the body of the paper. 


/ Do may be developed in an. 
entirely , but the details are 


“APPENDIX INFINITE. ELASTIC PLATE 


TO UNIFORM TENSION AND CARRYING A UNIFORM 


—The following derivations, in addition to giving 
practical information, illustrate the usefulness of the numerical tables cited. ee 


Introduction of Eqs. 
— 
a 
i 

| 
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in Wr the general solution for the homogeneous Eq. 66: 
d. The homogeneous Eq. 66 may me 


‘For brevity the be omitte ied. neou 


tap 
be written in the form: hy 
Ww 


_ Eqs. 146 are applicable. ‘The general | solution of Eq. 68 is composed is the: 


 Yolpr eX) = = Uo(pr, ¢) + i Volpr, 


Knowledge of asymptotic behavior of the functions, Jo and Yo, is 


- in ondes to select the proper combination in the range, r > a. Setting ise 


1 


Because sin > 0 it is true that | HMA. r) decays exponentially with i increasing 2 4 
_r-values if r is large and AOA r) increases exponentially with increasing 


* r-values if r is large. — The reverse is true for H o (A r) and Ho® (A r). 7 Accord 
‘ ingly, in the range r > a, the proper combinations of Bessel functions which ‘ 

ae r<a the singular | behavior of the functions, Yo, for the location, é 
0 excludes them from the of the 


—— 
4 
> 
— 
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— 
4 
— 
q 
4 — 


wale. 


Hl 


Eqs. 74 are the natural extensions of Eqs. 31 and 37, to which they reduce, in 
the case = 1, when N = O and therefore,@ = 7/4. 
The transition conditions are of the form of Eq. 25, and Eq. 40 is applicable. < a 
4 Making use of Eqs. 38 and 39, there are obtained the ean senanaen equa- 


1 Ji) = 


106) +0, Ho — Ci Jolv ide = = a 


Cs H.™(6) — C1 Jo (») +O Jo 


4 
HM) + (9) — Civ Ji) — Ci = 
v Hv) — HY () vJi + 
1, - C15 


co 
4 
a. 
| 
i 
— 
—_ 
= 
— 
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79 and 80 may rewritten. in simpler form. Taking conjugates of all 


constants and observing that = Hi (»), ft hes 


Hi (v) — C1 C1 = 


transformations are made as using Eqs. 70 


2 + 2+ (N/D¥) 2 cos 2p er? 2 cos? 2 - 2d sin 2d 


sin 2 cos -la + i cot (84) 


1 + 24) 


Intr roducing Eqs. 83 and 84 into Eq. 82 yields 


Transforming 


i Cin + Ui) cos — (um - - Vi) sin ¢]}.. 


— 
4 — 
a 
y 
4, 
= 
— 
— 

‘Ss 
combination of Eqs. 8 
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Neil expressing the bending stress at the center, the analogy between Be 
and Eq. 31 indicates that the general expression, Eq. 58, with 7 = =] 


‘remains applicable for the case of the wigw under tension. oa 


l+u Eh 1 


j Combining Eqs. 88 and 89 gives the folowing : " 
. 90 may be written in an alternate form, which is is Eq. 17. 


II. NOTATION 


= “The sy mbols, adopted for use in the and for the guidance: of 


discussers, conform essentially with ‘American Standard Letter Symbols for 


Structural Analysis” (ASA 2Z10.8- 1949), prepared | by a committee of the 


Standards Association with representation, ‘and approved by 


of a & load surface, i in inches ey 
emo we - 
C= coefficient, (0)/Ps = = Cr A a- 
parameter d defined by Eq. ‘1b; 
De= ‘plate stiffness factor, D= 1/12 a 
E= = = modulus of elasticity. of the surface layer, i in pass pe 
= stress function occurring in 
= symbol for Hankel functions; — 


= plate thickness, i in ina io 


— SS 
— 
— 
— 
q 
— 


@ “ADI 


Im 
symbol fc for Bessel functions o of first kind; w 


= modulus of subgrade reaction, in pounds pe per cubic inch; —- is 


= load-intensity functi d 
oad-intensity func ion, , in pounds per square ine 


bay = radial distance measured from the center of the load surface; e 


ome 


WwW 
we v, U a and V = = symbols for the real and i one part of certain Bessel 


w= ‘= transverse plate deflection, in inches; 1A: 


Ye = symbol for Bessel functions of the second k kind; 1a 
= Laplace operator, vf = (@f/ar') +r df/dr; 


parameter i in parabolic load distribution; 
=p 


Poisson ratio of tl the ‘surface-layer material ; 


hydrostatic two-dimensional t stress: 


foundation pr pressure. 


— 

— 

q — 

— 
| 

— 
7 

= 
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MISSOURI RIVER BASIN PLAN IN, OPERATION 


=F 


contacted in the Missouri River basin since World War II Many p projects 
are already in operation, and each year the benefits of flood control, power — 
generation, irrigation, and navigation are being oO realized v with each 


new feature of the p program my ris 


During the ten years (1947 to 1956) that the ‘Missouri ‘River hail: wos 


under construction, the basin plan and the organizations which | conducted 
it have been frequently discussed by engineers, politicians, educators, heyees, 


=. 


The: Corps « of Engineers (United States of the . the 

Bureau of Reclamation (United States Department of the Interior) have been — 

constructing dams, levees, and channel works to harness the waters of the 
a basin and to utilize them. — Since 1949 the actual pr progress ss made by 
_ these and other agencies has begun to result in the benefits of flood prevention, * 


_ irrigated acres, ward revenues, and river traffic, instead of in percentages 


tee 


‘The Missouri basin is an area of 530,000 sq miles—one-sixth the area of the 


United States. The Missouri River begins in the Rocky Mountains in 
_ Montana; it runs through the semiarid plains of North and South Dakota, 
Nebraska, Kansas, and Missouri; and it empties into the Mississippi River a 
~ near St. Louis (Mo.) "Precipitation varies from less than 10 i in. per yr in the 
— plains to more than 45 in. per yr in the eastern areas. The economy a 
_is predominantly agricultural; except for a few localities, industrial areas are iy 
a located in the east and south. _ In the north and west, drought i is the principal — 
_ water-resource problem whereas, in the south and east, floods are the ened a ; 
4 


__  Nore.—Published, essentially as printed here, in September, 1955, as Proceedings Paper 800. Positions — 7. 
a. and titles given are those in effect when the paper was approved for publication i in Transactions. ? P 
* Chief, Eng. Div., Missouri River Div., Corps of Engrs., Dept. of the Army, Omaha, Nebr. 
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The ll-yr drought. of. 1930's was followed by a series of wet and 
- disastrous floods. Near the end of this wet period, in "1951 there was a record-— 
breaking flood in the lower basin, which resulted from torrential rains in 
_ Kansas. - In 1952 there was a record- breaking flood in in the upper and middle — 
- basins, which resulted from the rapid thaw of an abnormally high snow cover — 
ground. These alternate periods of flood and drought 


caused a comprehensive water-development program to be developed to 
greater stability to the basin economy. Oe 


The broad program for water-resource development planned in 1943 and 
+ 1944, which is being followed by the Corps and the Bureau, provides for 
- storing flood tr coon, in multiple-purpose reservoirs to reduce flood damages. 

It also provides for the subsequent regulated release of these waters to benefit q 
irrigation, navigation, water supply, and pollution abatement, and to | develop _ 
Main-Stem Reservoir System.—The backbone of the basin development 
is the main-stem reservoir system in Montana and the Dakotas. 


statistics pegneding these reservoir projects are shown in Table 1. as 


ay 


(as of 1955) 


capacity, in | \eapacity, in 
acre-feet feet | k watts 


In partial operation 
South Dakota 23,600, Under construction 
Big Bend, South Dakota Authorized 
Fort Randall, South Dakota 6,300,000 | 1: In operation il 
‘Gavins Point, Nebraska a In partial operation 


Fort Peck (Montana) began to store water in 1938 and to generate 
xs power in 1943. Fort Randall Reservoir (South Dakota) began tos store water - 
in 1952 and to ‘power in 1954. Storage i in the reservoir at Garrison 
Dak.) started in 1953, and power generation began in 1956. 

_ The main-stem dams are e alle earth embankments with chute spillways i in 
the abutments. all the projects, ‘except those at Big Bend and Gavins ] 
Point (Nebr. ); tunnels are utilized for power releases and for general regu- ae 

lation. The embankments three of the dams ar are among the largest | earth 
| fills i in the world; Fort Peck Dam contains more than 100,000,000 cu 1 yd , 
a Placed hydraulically, and the Garrison and Oahe dams (South Dakota) each | 
ia _ contain approximately 75, 000, 000 cu yd of rolled fill. Because of the | size \ ‘i 
of the projects many unique construction techniques have been devised. | For 
" example, the moving of earth has been accomplished with very large equip- x 
ment, such as 11-cu-yd shovels and 35-cu-yd trucks. The embankment at 
Fort Randall was closed by means of a a dredge for pumping chalk, ¥ which had 
4 maximum size of up to approximately 9 in. in diameter. The most recent — 


development has been the use of a continuous mining machine in excavating . 
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‘the tunnels in the shale at the Oahe near ‘Pierre (Ss. Dak). 
Fig. 1 shows some of this equipment at work on the earthwork embankment 


at Oahe Dam. 7 2 shows the mining machine omtelde one of the Oahe 


Bank Stabilization and N ‘avigation. —Below this main-stem reservoir system 


id. ~The width of the flood plain varies from a few miles toa maximum 


(lowa) to the mouth of the river. This will p rovide a 9-ft navigation 
ee channel and protect the bottom lands against erosion from the river. This — 


involves system of pile. dikes and r rock revetments which uses the 
energy of the river to develop a single channel into a series of continuous, 
easy bends. The banks are then permanently stabilized, and a 9-ft channel 


is achieved Although this part of the program 


Kansas City (Mo.) to the mouth of the river, “the present (1956) minimum ‘ 
mm is 7 ft; between Kansas City and Omaha the minimum depth is approxi- 


i 


| by 
las eS, the Tver average of 10,0 isolated attemp and contrac- 
— 
— 
— 
being sontrolled. and _remai 


“mately ft. Between Omaha and Siou City the river is 
However, in 1954, stabilization work 1 wa resumed, and it is expected that, 7 
- from the point of view of construction, this reach will be the busiest part of 
the river during the next few years. hie 410m bata’ niser 


Local Protection Works.—In 1947 the work in the lower river was expanded ; 


by constructing the agricultural-levee system. Two hundred and twenty-five _ 
miles of levees protecting 195,500 acres of land have been constructed between -_ 


q Omaha. and Kansas City. Since 1950 no new agricultural levees have been 


ball but present schedules show that this phase of the program may be 


places on on the tibutarion At Omaha, Council Bluffs, and 
the levees depend ont upstream. storage e and “primarily take the flows 
_ originating in the tributary areas below the reservoirs which are uncontrolled. 
Int the case of the levees at Omaha and Council Bluffs, the  Tequired upstream , 


- storage i is either in operation « or under construction. _ However, ‘at the Kansas 


7 Cities only a small part of the essential storage on the Kansas River has been — 


Lower Basin —Kansas- City is located at a point of the Missouri River 
which separates the Missouri basin from the progress that is being made on 7 
% water-resource development. Above Kansas City a major part of the Corps, 


‘program and a large part of the Bureau’s reservoir ‘Program have been com- 


iii 
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— | 
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‘ 23 a City (Kans ) and K 
: | 99 Od 19 stem, and at many 
| — 
m 


pleted or are being completed. However, at and below Kansas City, progress | 
i - has not been satisfactory on the major tributaries of the Kansas River, the 
Grand River, and the Osage River which enter the Missouri 
In the western and more arid part of the Kansas basin, relatively good — 
has been made. Kanopolis Reservoir, constructed by the Corps, and 
: Cedar Bluff Reservoir, constructed by the Bureau, effectively control the upper 
_ Smoky Hill River; Webster Reservoir and Kirwin Reservoir, underconstruction _ 
_ by the Bureau, will ‘control the uy upper Solomon River; and Harlan County — 
Reservoir, smaller reservoirs upstream, controls the 


_ River, Milford Reservoir on the lower Ragubliens River, and er smaller 
reservoirs on the upper tributaries remain to complete an effective flood-control 4 
and water-conservation storage system. Some work has already been 

on ‘planning levees. example, because Kanopolis and Cedar 


of reservoir ir storage, is also to be constructed. 
«In the eastern part of the basin, the authorized plan includes Tuttle eG 
_ Reservoir on the Blue River, ‘Milford Reservoir on the lower Republican — 

River, and Perry Creek Reservoir on the Delaware River. Other smaller 

reservoirs are being studied and appear promising. However, the residents 

in this part of the basin have different views on flood-control methods. . Some 

= prefer continuing with the ‘approved reservoir-storage program, and others 

a prefer relying on the upland-watershed and small-reservoir program of the 

4 United States Department of Agriculture, although that agency has stated = 

that this p program is designed for protecting upland areas and will not g greatly 


> 


9 affect major floods. Because there is divided opinion on flood-control methods, 
progress on the reservoir-storage system, the municipal - protection in the 
lower Kenme basin, | or on me agricultural levees below Kansas City has been 


4 


behind the and program, and by 1956 construction on the 
- Tuttle Creek Reservoir and planning of local protection projects were under 

controversy in the lower K Kansas basin has affected two other major 
“ __ tributaries— s—the Osage River (Kansas), which is called the Marais des Cygnes, 

_ and the Grand River (Missouri)—and until recently no construction progress 

_ had yet been made on water-resource developments in these basins. In the 

_ Osage River area, however, a comprehensive plan has been formulated by the 
re Corps and has been authorized by the United States Congress. By 1956 3 


‘Tributary Reservoirs —In thi the western and northern parts of the Missouri 
: basin, a number of tributary re reservoir projects has been initiated largely a, 
the Bureau. most of are concerned with 
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planning had been started on the Pomona Reservoir and Ottawa local protec- 
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aissouRt BASIN 
many. include flood-control storage. In accordance with | the 
oe Flood Control Act,? the amount of flood-control storage and the regula- 
tions for operation of such storage are prescribed by the Corps. * The Corps Pr 
q also operates irrigation storage in its multiple-purpose reservoirs, in ‘accordance 
with Bureau recommendations; thus, coordination of operation is assured. _ he. 
J The tributary reservoirs of the Bureau are scheduled to have a total power- _ 
generating capacity of 1,200,000 kw. These power plants and the 1 ,000,000 
s on the main stem will generate an average of 15,000,000,000 kw-hr cnimally. 
handles the of all this power under the provisions of 


' basin began to realize some of the benefits the ‘basis. development would | 
provide. July, 1951, intense storms in the Kansas River basin, which had 
e been completely soaked by persistent rains since May, produced the greatest 
- flood of record in the Kansas River ; the e peak flow was approximately 500,000 © 
cu ft per sec at the mouth of the river at the Kansas Cities. _ The levees and 
_ the flood walls in the Kansas City area were not completed. - The reservoir = 
system upstream on the Kansas River did n not exist except in some upper a 


reaches, and the flood was. substantially greater than the expected flood for 


ie 7 irmourdale levee, t the / Argentine levee, and the Central Industrial District levee 
- were overtopped. The levees on the Missouri River were not overtopped, ; 
- dhhough the Fairfax levee was inundated by a break in a sewer constructed — 
_ by the Works Progress Administration, which had not been built to withstand — 
be internal pressure. A contract for replacing this sewer with a fully 
pressurized sewer had already been made at the time of the flood, but work 
had not yet started. Although the damages resulting from this flood st 


a which the works had been designed. Fig. 3 shows the areas affected. hoa 


ea atastrophic ($461,083,900 in Kansas City alone), the levees along 
_ River prevented $264,640,000 in damages. If the levee system had been com- 
: pleted and if the sewer had been replaced, there would have been increased — 
savings amounting to ‘approximately $335,000,000. 
a order to protect the levee system along the Kansas River from a similar. a : 
as flood, completing the authorized reservoirs is necessary in the Kansas basin— 
especially Tuttle Creek Reservoir, Milford Reservoir, Perry Reservoir, and — 
several smaller reservoirs on tributaries near Topeka and Kansas City. 7 
Despite all the damage which resulted from the flood , the important fact is _ 
= the works which had been installed actually prevented substantial 
damages, and subsequent analyses have c clearly demonstrated that complete 
‘Protection against such a disaster is possible | 
«(1962 F Flood. —By March, 1952, the accumulated s snowfall over | the plains” 
- area in eastern Montana and in the Dakotas averaged 200% of normal. in 
general, this snowfall rested on a coating of ice over ground. Then, 
late in March, a quick thaw caused the floods to begin. The peak of the flood — 
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BASIN 
was s accentuated by ice jams, which is a familiar phenomenon on the upper — 
oat Communities along the Missouri River, such as Bismarck (N. Dak. . 
7 Pierre, and Sioux City, which normally are high and dry even in flood years, 
: experienced substantial damage. As the flood passed below Sioux City, it 
. spread out over the broad valley, which has a maximum width of 17 miles 
near Blair (Nebr.). Many farming communities and hundreds of thousands — 
‘ ai _ As the flood neared Omaha and Council Bluffs, where federal government 
levees had been constructed, the communities cooperated in a great effort to 
control the flood. engineers, couttactors,. troops of the Fifth 
"Army, and volunteer citizens worked to raise the levees, which had been > 


designed for heavy floods, but which depended on the as as yet incomplete 
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oe reservoir storage to take the | peak off the flood. The levees had 
_ been designed for a flow of 250,000 cu ft per sec, but a flood peak of 400,000 
‘ eu ft per sec was reached on April 18, 1952; the levee with some emergency 
a construction provided only just enough protection, with a few feet of freeboard. 7 
_ At this time only Fort Peck Reservoir in Montana and a few small tributary Of 
ea reservoirs were available for water storage, but they were able to reduce the ; 


; | an stage a few feet | 80 that with the emergency construction the levees 5 


: Restevell could essentially store the entire flood, _and the flow at Omaha would 
_ be well below the banks. © Fig. 4 shows the relationship of the levee height to the ‘ 
actual flood stage and also to stages modified by various conditions of reservoir a 

operation. — Surveys have anes that the damages which were prevented at 


— 
| 
= 
—_ 4 
— 
| 
a) 
e 
comprehensive plan. However, the most significant fact is that, if a similar 
.. 
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~ Omah aha and Council Blufis amounted t to more than $60, 000, 000, “ww is a 


times the cost of the levees. 
_ _Droughts—In 1953 the cycle of floods was partly reversed, and droughts — 


became a major problem, especially i in Kansas and Missouri. as In these areas — 
the advantages of the reservoir system were demonstrated. — PC In Kansas the — 


P River helped maintain an adequate fic flow on the Kansas River. In the upper — 

- Missouri River, Fort Peck Reservoir collected approximately 2,000,000 acre- ft 
of water from a previous flood in Montana; this water was used to maintain — 
adequate flows for water ‘supply, health, and navigation downstream. 


bas 
st 
= 


stored water in the Missouri reservoirs was providing 

three-fourths of the total flow at Kansas City and approximately one-third of 
_ the flow at St. Louis. Without Fort Peck Reservoir, navigation on the Missis- if 
sippi River to and beyond St. Louis would have been suspended in September. © 

Fig. 5 shows s the flows as they actually occurred and as they would ha have been 
Power Production.—Initial main-stem generation began in 1943 with the 


installation of the first 35,000-kw generator at Fort Peck; the third Fort Peck f 


d unit was installed in December, 1951. Two additional ‘unite ine in a second f power 


_ plant are scheduled for installation in 1961. Initial power generation began 


at Fort Randall in March, 1954, the first 40, 000-kw The 
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eighth and last Fort unit was | in generation in 
Garrison units of 80,000 kw each were placed i in operation in January, March, — 
and August, 1956, respectively, with the remaining two units | scheduled “ol se 
installation in 1959 and 1960. The three Gavins Point power plant units — 
“of 33,300 kw each were placed in operation between September, 1956, and 
January, 1957. Power from these projects is integrated over a backbone — 
grid” transmission line and is being marketed by the Bureau in Montana, 
— the Dakotas, Nebraska, Iowa, and Minnesota. By January, 1957, installed 


amounted to 745,000 kw. Energy generation in the year 


$6, 000 F Fig. 6 shows additional date on power generation 
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of the program. Navigation on the Missouri 
has i in n the past | been conducted o on pioneering basis, the 


= however, two private towing companies sited on 
the river and initiated vd grey for their activities. One of these is 


cargo o along river. New facilities have been provided at Chamois 
(Mo. Randolph (Mo. ), City (Nebr.), j and 
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400-hp towboat in service, and other carriers are becoming increasingly 
3 ¢oncerned with traffic on the Missouri River, bois ‘ 
Gan... 
| 


nav igation is the growing demand for river-front_ industatel sites that are 
a accessible to both an assured water supply and a good navigable waterway. 
Commercial traffic, which reached a low point of 50,000 tons in 1952, cme 2 
to 150 000 tons in 1953, to 287, 000 tons in 1954, and to 435,000 tons in pores 
on some of the principal commodities carried on the river. in eee Tiver 
traffic i is | expected to increase as the channel is improved. . Mo st of the —% 
i‘ Sn srguary is of coal, , steel, fuel, and molasses; downstream cargo is mainly of 
grain. J A traffic ffic study made in in 1950 ‘indicated led that there should be 5,000,000 — i.) 
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Thousand of tons 


So 


_ tons of traffic 20 yr after the project was completed, which appears to have : 
been a conservative estimate. Fig. 7 shows traffic tonnage on the Missouri aa ; 
River from 1952 to 1955. ods | to 
a. Basin Coordination—The Missouri Basin Inter-Agency Committee co- 
ordinates the planning, construction, and operation of the development. — 5 
This committee is composed of one representative from the United States . 
- a Department of the Army, the United States Department of the Interior, the “4 
a States Department of Agriculture, the United States Department of a 


Commerce, the United States Department of Health, Education and Welfare, ai 
_ the United States Department of Labor, and the Federal Power Commission; _ 
and is also composed of if of ‘state in Missowi basin. 
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Brownville (Nebr.). Existing facilities at Omaha, the Kansas Cities, and The « 
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The committee meets once every two wants and arranges to meet in each 
"basin state about once a year.» Working subcommittees meet more frequently, | 
‘and some meet almost continually. This type of voluntary coordination has 
_ worked very well and has served not only to improve federal agency relation- 
on * ships but also to insure that the interests of the affected states and of the local 


“citizens are adequately recognized and provided for. 
oe A Reservoir Control Center located in Omaha op operates the main-stem - 
_-Teservoirs. This group prepares a tentative annual operating plan based 
_ water-supply forecasts and estimated demands which i is submitted to a group 5 
of representatives of the federal agencies and the state engineers of the » affected — 
states. _ After all comments of this group have been received and discussed a 
a fi final plan i is prepared and adopted. Execution of the plan is handled by “a 
the Reservoir Control Center, but close liaison is maintained with the e other | 7 
agencies and the states. This arrangement has been very effective in insuring - 
proper balance between all functions of the project. 
x The authorized program constitutes a a basic ee of ‘the larger and 
more important projects. The Corps, the Bureau, and the other agencies — 
and states are constantly re-examining the program to determine whether 
modifications or additions are required. Additional projects have been 
_ recommended to Congress after studies have indicated their necessity and LS 
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SHEAR DEFLECTION OF WIDE- FLANGE STEEL 


BEAMS IN” THE PLASTIC RANGE 


= HALL," J. M. ASCE, AND NATHAN 


The following topics are included i in this paper: (a Results of tests of two — 


continuous steel beams, | each having Tegions ‘subjected to pure 
- bending, bending combined with low shear, and bending combined with high 


shear; (b) a comparison of some of the test results with current design specifica- 

‘* _ tions; (c) data for estimating the component of deflection caused by shear 
regions of the beam have undergone general shear yielding; and 
F theoretical examples illustrating the effects of general shear — of the web 


Iwrropuction 
- 4 The utilization of the reserve plastic strengt 
has merited considerable attention in recent “years. “The economy to be 
a gained by so-called plastic-design methods lies in the fact that for redundant = a5 
_ or complex structures the load corresponding to a specified deflection or to = ; 
4 collapse may be considerably greater than that corresponding to the start of P| 
local inelastic action ; occasionally deflection rather than load or stress may be Ba 
Pe _ Previous discussions of the deflection of structures loaded beyond the elastic — 
- limit have been restricted, for the most part, to the effect of bending alone. 
z Although: such restrictions are are justifiable in many cases, it is important to be 
able to recognize 1 when shear should be considered and to have concepts and ae 
data available which will make it possible to compute, or at least estimate, the a 
deflection i in 1 both the plastic and the elastic Tanges. 


Nore. —Published, essentially as printed here, in October, 1955, as Proceedings Paper 814. — - Positions 4 
and titles given are those in effect when the paper was approved for in oat 
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SHEAR 


for predicting the shear ‘deflection of beam sections 

. subjected to high shear forces. Also, additional data were obtained which 
are of interest in relation to current specifications for allowable shear stress 
‘There is little theoretical or experimental information on the plastic | de = 
formation of structural beam sections subjected to high shear forces. a 
England the influence of shear forces on the behavior of I-sections has been | 
investigated experimentally by J. F. Baker and J. W. Roderick,’ and by A. W. 
inv estigation been made M. Horne. Inthe 


A report by C.-F. A. Leth’ treats the heoretically ; this work is 
an extension of Mr. Horne’s investigations. 
‘These studies were mainly concerned with expected. reduction in the 50> 


called d fully | plastic 1 moment. * Several of the 2 studies indicated that high shear — 


pacity (except for extremely short sections) ; other studies indicated a marked 
reduction in in the load-carrying capacity for some sections. Li phil Seeaiars 
In the experimental part of the investigation ‘cited herein two continuous- 
a beam tests were made using one type of beam specimen. Each beam had 
‘sections subjected to pure bending, bending combined with low shear, and — 
bending combined with high shear. The tests were carried far into the plastic 
} range. In analyzing the data it was assumed that the bending and shear 7 
components of deflection could be separated and that their combined effect a 
could be obtained by superposition. This approach resulted in data which 7 
ean be used to estimate the shear deflection of other types of beam sections. _ 
Obviously, two beam tests alone cannot provide a complete picture of 
the shear problem; they should be considered as exploratory tests which show 
i wa may be expected under certain conditions. Although the shear appeared — 
to shave little effect on the load-carrying capacity, it had considerable effect on D 
‘the load-deflection -response—a fact worth “considering when assessing the 


applicability of standard specifications. | may be concluded from this study 
that the effect of high shear forces i 2s is n¢ not of great importance except for unusual on : 
um 


loading conditions. Some of these conditions are described, and illustrations 
the effects of high shear forces are presented. | 


ott 


‘Two continuous beams of section 8W-58 were tested in iain as-rolled condi- 
tion. This section was selected because it panes (a) excellent rotation 


“Investigation into the Behavior of Welded Rigid Frame Second Interim Report,” 
_ by J. F. Baker and J. W. Roderick, Transactions, Inst. of Welding, Vol. 3, 1940, pp. 83-92. 
of the Stre: of Certain Welded Portal Frames in Relation to the Plastic Method 
of Design,” by A. W. Hendry, The Structural Engineer, Vol. 28, 1950, pp. 311-326. 
$“The Plastic Theo: of Bending of Mild Steel Beams with Particular to the Effect 
_ Shear Forces,”’ by M. R. Horne, Proceedings, Royal Soc. of London, Series A, Vol. 207, 1951, pp. 216-228. 
- 6“An Evaluation of Plastic Analysis as Applied to Structural Design,” by B. G. Johnston, C. H. 
Yang, and L. 8. Beedle, Research Supplement, The Welding Journal, Vol. 32, 1953, pp. 2248-2398. __ a 
- “The Effect of Shear Stresses on the Carrying Capacity of I-Beams,’’ by C.-F. A. Leth, Technical 
Report A11-107, ONR Contract N7onr-35801, Brown Univ., Providence, R. ye March, 1954, pp. 1-70. 10% 
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- capacity—that is, ability to sustain the “hinge” moment through the required 
= rotation without failure by local flange or web buckling; and (6) a relatively — 
= thi thick web which was desirable for sustaining large shear deformations. tooiduame 
= ent The setup for the continuous-beam tests is shown in Fig. 1. The 9-ft 
; central span was maintained in both tests, the central load points being sym- _ 


a, 4 metrically spaced at the one-third points for beam B1 (a = 6 = 36 in.), and 


_ at the one-sixth points for beam B2 (a = =t 18 in. and b = 72 in. . iy Symmetrical © 


+, Rowe a id e 
rt 

Hydraulic jack— 
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awit 
test. 


Fegarding the two separate tests with this beam. 


“tau B2a refers | to the first test of beam B2 in which shearing action was studied. 


B2b refers to the si ‘subsequent pure-bending test of the central part of 


Each beam had sections under pure bending (the central section), bending 
combined with low shear (cantilever sections), and bending combined with high 
shear (the shear-moment (V-M) sections, which are the parts between the 
= load points ar and t the 
“s Both beams were tested to simulate fixed-end conditions by using the end 

oes sections to maintain zero rotation at the supports (beams B1 and te : 


B2a). After testing beam B2 as a continuous beam (B2a), the cantilevers were 


: a freed and the cer central part wa was tested in pure bending (B2b). AT spat age aad 
‘The load and reaction brackets were identical, the same type was used in 
both tests, and they were not designed to ‘simulate any particular type of 


connection. To a certain extent they splice although not 
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loading simplified analysis of the data; unsymmetrical loading would 
analysis difficult, as shown in examples presented in this paper. 
a Beam designations are as follows: 
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DEFLECTION 


signs of failure in either test. sodet oiftalg 


Instrumentation for strain measurements included SR-4 -wire-resistance 
— (including post-yield gages) and mechanical gages. Deflection readings | 
were made at selected points along the beam with reference to a line through 

the reactions. Whitewash was applied to more than half the beam in each | 

test to indicate the yielding pattern and progression of yield zones. As an © 
extension to the SR-4 rosette-gage readings i in the web, shear detrusion on the — 


shear-r moment section was measured by direct-reading mechanical gages. and 
TABLE 1. 1 _—SEcTION ‘PROPERTIES OF TEST ‘Beams 


aav antl * 


| 
ele 
1 8.1 i 25 =| 


‘Standard values. 


gage holes on a 2-in.-square ‘Spacing. ‘These gage holes were e placed sym- 
metrically about the longitudinal axis of the web and on both sides of the web. | 
The level mounted on top of each reaction bracket was used to maintain the 


end fixity. Distribution of load between the load points ¥ was checked by two 


PABLE 2.—Resutts or TEnsiIon- Coupon Tests. 


Yield stress, kips per square inch 
Modulus of elasticity, EXx107 enoug ‘kips per square inch 


Strain corresponding to beginning of strain- 8 : ant 
hardening region, ot inches per inch 


Maximum stress, ¢ kips per square inch 60. a 
Elongation of 8-in. "gage length _ be percentage od 


instrumented “load stubs” which were placed between the distribution beam 


and the rollers. _ ‘The cantilever ends were loaded by. means of jacks throu igh — 
instrumented tierods, dine 
_ Section properties of beams Bl and B2 are presented in Table 1, and the q 
of the tension- coupon tests are summarized in ‘Table 2 These latter 
Lepr. 
tests were based on nine coupons ‘taken from one ‘section, ‘three from each P 
flange, and three from, the. web. The test data are, average. weighted values, 
individual coupon . Tesults. being weighted for the. area Tepresented and. the 
distance from the neutral axis. Longitudinal, residual-strain measurements _ 
- were made ona part of the piece from which beam B1 was cut. _ These measure- a 
ments showed maximum residual ‘strain of 0.00045 in. per in. at the center 
the web,” or approximately 40% of the tensile vield-point strain. 


— 
7 __ the true sense, because the beam was not cut 1 to insert the plates but was — ap 
y | continuous throughout. _ The bracket plates were slotted to fit the wide-flange __ 7 = oo 
be 
| Average of measurements from two locations. 
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i The testing procedure consisted of loading with the 3, 000, 000-Ib machine 
a of jacking down the ends of the cantilever to keep. the level bubbles at the 
_ reaction points centered. When yielding occurs under constant load in the 
plastic range, it takes considerable time for the beam to come to rest. _ Under 
 guch conditions when the beams did not come to r rest after 15 min to 20 min, the 
~ load was decreased slightly (from 1 kip to no more than 2 kips in a total load 
of from 200 kips to 400 kips) in order to stop tl the beam from deforming while — 
readings were taken. In this manner it was possible to run each test in ap- 
bua arg Rasvurs AND ‘OF 
- General Remarks.—Neither of the two continuous beams had reached its — 
maximum load by the end of the test. The test of beam B1 was stopped at a 
load of 269 kips because of a jack failure. At that time the compression flanges oe 7 
- inside each reaction—that is, in the shear-moment section—were just beginning i 
_ to buckle. (This buckling was barely visible to the eye.) Beam test B2a was * 
carried to a deflection which was considered sufficient to obtain the desired 


data, but the test was stopped while the central part was still in the ‘elastic 


- range in order to allow this part. to be used in a subsequent pure-bending test. 
‘The pure-bending test (B2b), consisting of freeing the cantilever ends and 

testing the central part as a simple beam, was made to obtain an experi- 

- mental moment-curvature relationship to compare with that obtained from the | 

_ tension-coupon test data. In addition, it was necessary to have reliable 

moment-curvature- information to analyze the shear-moment data. st The 


— central section failed by gradual lateral buckling as the test was carried into the 

strain-hardening range. 

Rie eer computations were made by using the numerical 1 integration 

_ procedure developed by one | of the writers. * This and other ‘procedures for 

_ computing flexural deflections of beams in the plastic range are summarized — 

recent -paper.* In making | such computations it is customary to use 

A ‘assumptions as to the propagation of the plastic regions ; and the shape of the 

6 =n diagram. These assumptions tend to simplify the com- 
_ putations (which is preferable for many applications) but yield less accurate 7 


» 
a Where high accuracy is needed numerical integration is the most ~ 


‘The separate deformation concepts attributed to moment and shear 


7 . "illustrated in in Fig.2. Thebasic hypothesis used in the reduction of the moment- - 
shear data is that the bending and shear behaviors can be separated and treated 


independently i in both the elastic and Plastic /Tanges. That is, superposition 


assumed to. apply to the range of response under study. “This appears. to 


_ the best method of handling the two effects. It is believed that, when these a 
data are used to compute the shear deflection of other similar beams, the pre- .. 
q dicted deflections will be reasonably accurate. Data for n making such an 


- estimate of shear deflections when shear forces are high have not been available 


4 “Numerical Procedure for Computing Defiections, Moments, and Buckling Loads,” "by N. M. 
mark, Transactions, ASCE, Vol. 108, 1943, pp. 1161-1234. 


*“Plastic Strength and Deflections of Continuous Beams, ” by K. E. Knudson, C. H. Yang, B. G. 
- Johnston, and L. 8. Beedle, Research Supplement, The Welding Nunta Vol. 32, 1953, PP. 2403-256. on 
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SHEAR DEFLECTION 


‘ 4 followed by ar an examination of certain phases of the test results in the light of E 
predicting the 
deflection of beams after general shear yielding has occurred. 


Fig. 2.— DEFORMATION or A Beam Section Due To BenvING MoMENT AND SHEAR 


The simple plastic of p pure beams assumes: 
os ‘. The flexural strain is is distributed linearly over the cross section as in the — 


_ 2. The stress-strain relationship in a bent beam is the same as that deter 
mined from a static tension test of a angie of the material. 


e moment, M, and the ofa bent beam, 

= in 1 terms of the modulus of elasticity, E, and of the moment of pores I, are 


In the plastie r range the relationship is ‘obtained | by 
considering the stress-strain conditions. Computing the moment requires 

_ considering the stress block that is assumed to be acting on the section.  Be- 

“cause, the strain is distributed linearly, the ‘stress block corresponding tos 


- strain) with the strain axis adjusted to one-half the beam depth. | For a 
given strain distribution and the corresponding stress block, the curvature and 
- moment can be computed. Methods of computing the moment-curvature 
3 shows the M-¢ diagram obtained from the pure-bending test of 


degree 

“of Wide by W. Ww. and B. G. Johnston, Research Supple- 
Vol. 27, 1948, pp. 5380-5548 


In this paper, test results are presented in the order in which the analyses 
were made—pure-bending test, cantilever sections (bending combined with 
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check of the process was by using the measured 
tions and a second-order difference equation. All the latter values were so — 
close to the original curve that they could not be distinguished with the scale i 

‘used in Fig. 3. The initial slope of the curve corresponds to an E I-value 
of 69.3 X 10° kips per sq in. Ww ith J computed to be 232 in.‘, E is 29.9 x 10° 


“a The experimental curve falls below the theoretical curve (computed from — 
-coupon data) through the flat part and climbs again 
theoretical curve in the strain-hardening region. ‘The de decrease ‘is ‘approxi- 


$00 


ean 9% of the theoretical value i in the flat part and euaan 34% 
in the strain- hardening region. Observations of M. ‘diagrams made in other 


publications". also showed decreases of the same order. of magnitude. The 


experimental ‘diagram obtained from beam B2b was used in all 


- computations for beam B2. An adjusted curve using the same 9% and 34% 


_ reduction values was used in the computations forbeam Bl. inate 
the moment-strain curve from | beam (Fig. 4) the strains are the 


ONG 


| average for the top and bottom of the section. | f The curve could be converted — 


«toa M4 diagram by dividing the strain values by one-half the depth of the e 


Tape? 


‘Fig. 5 shows the measured load versus the center-deflection curve for 
beam B2b and the load-deflection curve corresponding to the theoretical M + st 


= _ 48 “Residual Stress and the Yield Strength of Steel Beams,” by C. H. Yang, L. 8. Beedle, a: 
Johnston, Research Welding Vol. 31, 1952, pp. 2058-2298, 


ou oes. a rz fitting process in which the curvatures were computed so as to make th F di 
derived deflections equal to the measured deflections. A check was obtaine: 
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diagram of Fig. 3. _ A slight variation in the M- diagram for regions of pure 
bending can cause considerable differences in deflections; this is particularly = 
true for for long spans under pure bending. 

CoMBINED BENDING AND ‘SHEAR ‘SEcTIONS viteals at 
continuous beams were loaded ‘symmetrically, ‘little or no 
shear was present in the central sections during: the tests. The lengt 1s of 


- the cantilever sections, which were used to maintain the end fixity, were such 


that the shear in them was: relatively low. | Shear yielding did ‘not. occur _ 


“Fielding of the The ier large shear that resulted were of primary 
‘interest in this investigation. 
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———e-—— V-M section, 2 in. east of west reaction 


| ‘Sain, in microinches perinch 


oy. In Fig. 6 the fixed-end moments are plotted against end deflections for the 


cantilever sections of beam B1. _ The dotted curves, representing the deflections a 
as they were computed from the adjusted M-¢ diagram, include the component — 

of deflection due to shear, which was elastic ic throughout and which constituted a 


In Fig. 7, in which the moment-strain curves for a cantilever. section a 
« beam B1 are shown, the strain values represent the : average of the top and — 
bottom strains at a section. These ¢ curves, which have the same shapes 8 ~<a 
-moment-curvature diagrams, can be converted to such diagrams by dividing © 
_ the strain values by half the depth of the  beam— —a procedure admissible only a > 


because the shear was low and did not greatly influence the linear-strain— 
distribution. 


-moment-load relationships for one-half the main span of beams Bl 


wre 
ind B2a are shown in Figs. 8 and 9. The moment values corresponding to the - 7 
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relationships resulting from considerations of flexure alone. 
ke - The method used to compute these theoretical relationships i is of interest. a = 
,* the elastic range the ratio meeey the end moment and the load- point 


p A rode iat 


—— 72 0. in. 


Load, 2P, in hips 
o 4g 

Tee 


— Theorenc using coupon M-¢@ “curve 


Fis. Versus CENTER DEFLECTION FoR Bream Bm 
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Fig. 6.—Fixep-Exp Moment Vensvs Exp DeFLEcTION FoR Secrions oF Beam Bl 

_ sponds to an extremely steep moment gradient. In the elastic range, ex- — 


B rsaqucae for the moments can be obtained fr from any structural handbook; the. = 


were... 

> Ae 
| 
| 
— 

aan ES Measured | | 4 

— 

an 
and, therefore, redundant, t 
enter must be zero be 


consists of selecting the end | altering the load-point moment until 


. 7 the: slope conditions are satisfied. Because shear deformation does not affect 


the moment-load relationship in symmetrically loaded beams, the agreement — 


in. west of west reaction 


8 in west of west reaction 


$000 10000 #15000 20000 


of the moment-load that no appreciable reduction in the 
-Tesisting moment exists which can be traced toshear, = 
A curve for the load versus center deflection, beam B2a (Fig. 10), illustrates 


he effect of the e high shear force on the deflection of the main span. The 


AA 


Moment, in kip-inches 


» 


‘Fie. 8.—Moment-LoapD ror Beam Bl; West 


dotted curve deflections for flexure alone. The additional | deflection 

caused by the shearing action is noteworthy. 

és Comparing the shapes of the load-deflection curves for the three conditions _ 
of loading encountered in each beam clearly indicates the expected trends. om 
In the case pure (Fig. isa relatively long, fi flat part before 


— 
— 
— 
| 
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4 SHEAR DEFLECTION 


hardening commences and. causes the load to increase. In the 
7 sections (Fig. 6), which have a moment gradient but low shear forces—that i hat is, 
bending is still predominant—strain hardening commences quickly an and causes 
the curve to rise almost immediately after yielding has occurred at the fixed 


| Load, 2P, in 


We 


oiT 


Theoretical (flexure only) 


10, —Loap Versus Center DEFLECTION FOR Bram Ba 

: ‘The moment-strain curve for the V-M region of beam B2 (Fig. 4) is a? 

4 sented for comparison with one from a pure-bending section (Fig. 4) and one 
from a cantilever section (Fig. 7). General shear yielding of the web 


4 the | in the flanges. Th Therefore, such moment-strain curves 


676 | i 
end. For a re , general shear yie be at a much lower los 
high shear forees, Fig. 10) watch iv9 pat 7 
— 


SHEAR DEFLECTION 


= 
have: little significance. They should not be interpreted as an equivalent — 
a ~ moment-curvature relationship for the shear-moment section because a study __ 
= of other strain data taken in this region shows a differently shaped curve for 
each section. However, the load corresponding to the break-over in mn any 
| moments train curve in the V-M section corresponds identically to the load at _ 
_ the sharp break in the load-deflection curve. The longitudinal strain dis- iar 
tribution in the shear-moment sections is erratic, emphasizing the fact that. 


the strain distribution is complicated in short sections. The boundary condi- 
Ey and complex residual strain pattern influence the strain distribution, — 
OF | The d deformed od shapes of th the beams, as well as the test layout, are shown i in 


- Figs, 11 and 12. The central part of beam B2a (to the left in Fig. 12) is stil 


al 


| 
4 

| 


the elastic state and 9 was later tested separately i in pure bending (B2b). i 
_ Views at close Tange . of the cracked whitewash patterns in the shear-moment — ae | 
- sections at two different loads are shown in Figs. 13 and 14. Flaking of the ~ _ 
_ whitewash was initially observed at both the reaction and load ends of the 
; V-M section in the web corners subjected to compressive flexural stress. This a 
a was to be expected because the residual strains in the | web are compressive — 


‘from one-half the loads because there is a a slight Piwatncy in the loading 


position and in the beam properties 


| 
. 

ns were almos 
web. F y Symmetrica 
aa = laking started at loads of 50.5 kips in beam B1 either side or the 


tar of the elastic shear deflection of beams are well known. 
_ W. M. Fife and J. B. Wilbur,” summarizing data from some simple beam tests 


. conclude that the nominal shear stress to be used in the shear-strain computa- | 


Fig. 12.—SHear or Beam B2a; AFTER 


. tion is obtained by dividing the shear by the gross web ios ed web thickness 
times the depth of the beam. This value divided by the shearing modulus 


; of — G, gives. the shear strain in units of inches per inch which i. 


Fie. 13.- —VvV-M or Beam B2a—Loap » =100 14.—V-M Section oF Beam B2a—Loap =160 
ont of Kips; Reaction on Ricut Reacrion on RIGHT oy 


wa plied by the length will give the component of deflection due to shear. This 2 “ 


ba conventional method of computing the elastic shear deflections of structural 


_ beams gives a reasonable solution. Many refinements can be made by con- 


q 


ae “Theory | of Statically Indeterminate Structures, ” by 1 W. M. . Fife and J. B. ‘Wilbur, . McGraw-Hill = 
Book Co., Ine., New York, N. 1987, 


| 
| itm 
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sidering m more accurate stress distributions; are in many 
books on strength of materials and theory of 
One ahytetive of this was to obtelin data for shearing 

Several 
~—- were used to obtain the curve of shear versus shear strain for prtilinting 7 

shear deflections. One method consisted of (a) computing the deflections 
due to flexure ; alone, (b) subtracting these from the measured deflections, and 5 
i (c) assuming the difference to be due to shear. These deflection differences _ 
F were divided by the length between the deflection points to obtain a measure | of a 
the shear strain. Shear-strain values were also computed from a number of - 
"rosette gages which were mounted symmetrically on both sides of the web. — 


Sow From deflection readings at 6 in. and 12 in. (see A = | 


From deflection readings at 0 in. and 18 in. 


Web grid at 5 in. 
» Web grid at 7 in. 
Web grid at 9 in. 


in. spacing 9 in. Deflection gage distances, 
in inches, measured 
4 18 from west reaction 


Fie. ‘15. ‘Varsvs 8 Suzan FOR Wem: Section oF oF ‘Bream Bla 


-correspond- 


ing arms were averaged and used in the rosette-strain i 
order to extend the ‘Tange of the shear-strain obtained from the 
rosette gages, a series of § gage holes was placed | on both sides of the web. The 


D angle changes in the grids were computed trigonometrically from measurements 


“Toads. . Because the grids were symmetrical about. the midline of the web, — 


be 


the angle changes were the shear deformations, = 
as Representative data obtained from the deflection procedure are presented — 
Ss Fig. 15(a), the grid layout i in Fig. 15(b), and the rosette gages in Fig. 16. CS 
_ The diagrams for shear versus shear strain obtained by the three methods — 


excellent it agreement even when toa — scale. 
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— 
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EL 
The SR-4 strain-gage 1 rosettes (Fig. 16) also provide information on the 
a elastic shear-stress distribution. The rosette-gage shear-stress values, — 
_ together with the values of V Q/I b and V/A, are listed in | Table ree 
3 value of A, is the web area taken from cer center | to center of the flanges; v, ‘the 


West load point 


3 in. 3 in in. 
9 21 in. 


wee 
, (a) BEAM Bl, WEST 36-IN. SECTION 


B2a, WEST 18-IN. SECTION 


0015 0020 0025 0.030 0 0035 "0.040" 

om 16- —Suean Versus = 

at t which. the stress is and b, the width of the section at 
_ the shearing stress is computed. — _ The greatest discrepancy | between the r rosette — 

values and the theoretical shear-stress values occurs for the rosettes which 


closest to the reaction or load points. 


and the more ‘interesting : aspects | are cited pn cg The first shear q 


yielding of beam B1 was noted in the whitewashed part of the web at a load 
of 50.5 kips. As indicated i in Table 3 the maximum shear stress for rosette 
gage set No. 3 at this load was ‘computed to be 8,560 lb per sq in. ‘and the 
nominal shear stress was 6,350 lb per sq in. The first shear yielding of beam 
B2a was noted at a load of 30 kips. The maximum shear ‘Stress for rosette 
- gage set No. 6 at this load was computed to be 3,720 lb per sq in. and the nominal 


ghear stress wae 3,500 lb pereqin. 


> 


_ The appearance of yield lines at such low stresses does not ‘mean that 
_ structural failure is imminent. The complex residual stress field in the w reb- 
tends to initiate early yielding. . The critica] stage, from the deflection stand- 


é point, is reached when general shear yielding of the web occurs and there is a 


q 


q 
q 
| 


corresponding sharp break in t 

corresponds to a shear of 69 in both 
_ which, based on the gross web area defined in the specifications, amounts to 
_ 15,000 Ib per sq in. for the as-measured sections. _ With no corrections for the — 


tension values, because they are only ‘slightly more than 33, 000 


ds per square inch | Q/ ‘pounds per 
pounds perlin ak square inch 
ha inch 


3 


a 


16, 
4 


AT Gage data in Fig. 16. * Shears are slightly different from one-half the load because of slight dis- 


tually, shear yielding may have a more direct bearing on the amie’ of a ‘Bid 

than flexural yielding under a concentrated load because, i in the former case, — 

‘a much greater part of the beam is affected. | 

_ Another item relating to current specifications which is of interest is the 

stress of 24,000 Ib per sq i in. allowed by AISC specifications on extreme fibers 
of beams which are continuous at interior supports. This is an approximate a 
elastic equivalent of plastic design, but unlike the specifications of the American 
Railway Engineering Association (AREA) and the American Association of 2 

State Highway Officials (AASHO), there is no limit placed7on the principal — 


“Shearing Stress in Steel 
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tions of the 
b: general shear yielding of on y based on the 
American Institute of Steel Construction (AISC) which calls or 13, p 
i he mayi 1 j the o ea veh is ] > walue ic f interes an 
— 
— 
| 
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IEA RESS IN THE ASTIC Ra? wien 
TABLE 3.—Companrison or Srress THE Exastic Raven? — 
Bee: 
skips | kipes 
par 
7 
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ee) 
_ iia 
by B. G. Johnston, Civil Engineering, Vol. 8, 1988, p.273. 


direct stress. epetifications limit the diagonal 

ye per sq in. in webs of girders and rolled beams at sections where maximum e 
shear and bending occur simultaneously. In the case of beam BI, for a 2 
flexural stress of 24,000 lb per sq in. at the support, the moment is 1,287 kip-in. Ae a 

“ and the shear is 53. 6 kipsin the V-M section. For beam B2a the corresponding 
= are 1,263 kip-in. and 84.3 kips. In the former case, general shear oe 


is 
ey Ib per sq in. unless the cae stress is adequately low. However, the AREA _ 
and AASHO specifications are more conservative. For a a principal direct 
ios stress of 18,000 Ib per sq in. at the support. ‘at the flange-web junction, the 
ss moment and corresponding shear are computed as 920 kip-in. and 38.3 kips — 
ome ‘=e for beam Bl, and 740 kip-in. and 49.3 kips fo for beam B2. ‘2 In the first case, a 
Seg? factor of safety against general shear | yielding « of 1.80 is provided ; in the second a 
ee oe case, the factor of safety is 1.40. The theoretical and measured moments and ao 
ot a loads show close agreement for these tests (Figs. 8 and 9) so that the computed — 
moments and shears cited approximate those actually measured. 
_ Shear Stress-Strain Curve.—To use the shear-versus-strain data for predict- 
oan ing the shear deflections of other beam shapes, it is convenient to express the 
= shear values in terms of the average shear stress in the web. The | web area ee 
oat he used in this conversion, Ay = w (h — #), is considered a reasonable value that Fey a 
can be applied to shallow beams as well as to deep beams; w is ) the web : Pe 
h denotes the beam depth, and ¢ is the flange thickness. 
_ From the information gathered in both beam tests, a representative aie ns : 
"versus shear-strain curve was drawn. A study of this curve showed three 
rather definite regions: (a) The initial (b) after the break-over, 
gently oping part extending to a shear-strain value of approximately 0. 


stress-strain curve. curve-fitting scheme was used to 
< obtain expressions for these parts in terms of the shear, V, and the e shear 
strain, y. The expressions were then divided by Aw es 
reduce the sh 
Pin: Se ae mean shear value at ‘the break-over i in n the Vy cu curves is is approximately 


& _ section. | ‘Fora a nominal yield point, oy», of 32.3 kips per sq in. . which corre- i 

16,500 Ib per sq in. represents 0.51 These shear stresses are 

based on uniform distribution across the web. Nevertheless, they 
near the range of values. reported by I. M. Lyse, M. _ ASCE, and H. J. Godfrey'® his 
who conducted torsion tests on specimens taken from the webs of structural es 


a beams and found that the ratio of yield strength in shear to that i ‘in ter tension 


_38“Shearing Properties and Poisson’s Ratio of Structural and Alloy Steels,” by I. Lyse and H.J. 


69 kips, which corresponds to a shear stress of 16,500 lb per sq in. for the 8W°58 ag ; 


igs sponds to the. experimental M-@ curve of beam test B2b, a shear stress nae a 


a 
24,000 lb per sq in.; in the latter case, general shear yielding had 
> 
22.4, 


SHEAR 


F ah curve based on these expressions is presented in Fig. 17. It ae t be 
"remembered that this diagram is based only on data obtained from the 8W°58 | 
section. - However, unless other specific data are available from tests, ‘his { 


delluntion et: 


ak. will be found. ‘The shearing ‘strain: multiplied by 
‘in length along the beam gives the component of deflection due to shear over — 
that length. This procedure should be modified in special cases, as will be 


DEFORMATION AND Its Errect on BEAM BEHAVIOR 


_ _ Theoretical Examples. —Some of the effects of shear deformation | on ‘te 
behavior of a beam will be illustrated. For r symmetrically loaded beams with 
a ‘symmetrical boundary conditions, shear causes no readjustment of moment — 


and ‘slope, even in the Tange. However, loaded d 


i 


— _ 
wit cessary to compute 
ig 
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beams there is a of moment aud slope. Some problems which 
can arise in the actual testing or analysis of an unsymmetrically loaded beam | 4 
are illustrated as follows: A 12W120 beam, having : span n of 20 ft, and with 
7 load 4 ft from one end, was selected and treated (a) as a simply supported _ 
“a beam (Fig. . 18) and (b) a as a a beam with fixed ‘supports (Fig. 7 In each case, = 


july 
16 ft 


0 
Deflection at B, in inches | | Moment, in kip-inches 


Fig. 18.—Loapv-DEFLECTION AND ‘RELATIONSHIPS FOR 
UNSYMMETRICALLY LoapEep Simpiy SupPporTeD 12W°120 Beam 


Several assumptions were made in order to simplify the analyses. : 
— M -? curve used in the analyses assumes elastic behavior up to the fully plastic- 
=a moment value of 6,150 kip-in. and then becomes flat. — In the first example, 
: = strain hardening i is considered. and in the second example | it is neglected. The 


# 


nm 


& 


- inclusion of strain hardening would tend to reduce the deflections from those 
shown in the second example. Neglecting strain hardening al also allows the 
plastic-hinge 1 method of computing the deflections to be used,* which 


1 
i 
( 


Deflection at B, niches Moment, inkip-inches 


Fie. 19.—Loap-Deruection anv LoaD-Moment RELATIONSHIPS FoR 
Nive be be UNSYMMETRICALLY Loapep 12W 120 Bream wits Fixep 


the 
‘The shear stress-strain curve is taken from Fig. 17 with the 
the second linear part is extended beyond 0.020 in. per in. to a shear at 


: of approximately 0.045 in. per i in.; this approximation simplifies the computa- 


‘Sm. f For the following examples the deflection at point B is computed. — 


— 
— 

@ 
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¥ Simple Beam.—For the simple beam the moment increases linearly with 
= the load. The beam remains elastic with regard to both bending and shear — 
: “up to a load of 160 kips. The broken part of the graph represents the deflection © 

due to bending alone whereas the solid line represents the combined deflection 

due to bending and shear. In accordance with the plastic-hinge concept, ata q 
>. ae of 160 kips the beam would become a mechanism with a hinge at point B ; 

and would deflect without any increase in load. This is represented by the 
“tol horizontal line in the graph . However, i illustrate a point regarding i 
shear deflection, strain hardening is considered; the deflection is represented 
by dashed lines. At a load of 185 kips the nominal shear stress in rere AB 
17.4 kips per sq in., which indicates ‘Shear yielding has occurred. 
flexural deflection at point B is 3.69 in. In Fig. 18(a) the shear deflection for - 
segment AB’ is computed as 0.205 in. whereas that for segment BC is computed — 
as 0.72 in., ., Which indicates a lack of closure of 0. 133 in. # Because the Shear 
-angle-chanes at point B is fixed and the deflection 
is rotated to effect the closure which reduces the shear deflection at point B 
_ from 0.205 i in. to0.178in. The total deflection at point B is ™ sum of 3.69 in. z 
The significance of this lack of closure and necessary adjustment 
of the shear deflection is that the yielded segment AB should have deflected a % 


_ the full amount whereas the elastic segment could not and therefore restrained _ a 


it to a certain extent. This action, in turn, caused a slight readjustment of - 
the slopes at the ends of the beam, which can be computed. © Obviously, the 
shear yielding of segment AB could have been induced while the flexural — 


deflection was in the elastic range if the load had been closer to the end of the . 


Fixed at —The beam, fixed at points A and C, is twice 
indeterminate. In addition to the equilibrium equations, two relationships  __ 
involving deformation must be utilized as follows: a The sum of the “noon 


These conditions yield the following relationships | for the elastic Case: 

is _ For bending alone (dotted lines in Fig. 19), the maximum moment initially ; 
occurs at point A and the first hinge forms at this point when the fully plastic- 

moment value of 6,150 kip-in. is reached a at a load of 200 kips. As the load i 
increased the next hinge forms at point B at a load of 309 kips. ‘The: maximum 


load i is 320 kips when the hinge moment is reached at point C. na this ithout 


-movment curve two distinct breaks, characteristic of 


’ 
a 
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SHEAR DEFLECTION 


OF For bending and | shear the expressions for the moments ‘become ‘slightly “ql 
more complicated. . In this case the angle-change expression is not altered 
- because the algebraic sum of the shear-angle changes will always be zero if 
staties are yi However, there are added terms in the deflection rela- 


the elasti th duce t 


| 


As a cheek, ifa=b= ss (the load is in the center of the beam), then 4 


inclusion of the shear terms causes a slight of moment in the 
elastic range. a of 158 ips, before the moment i is attained at 


i 4 winalens a larger proportion of the total load to segment BC. b As the load is nm 
i: increased there is a marked readjustment of moment at all all three points with a — - 
slight decrease in the moment at point A. The hinge moment is first reached — 
~ at point C at a load of 271 kips; the next hinge forms at point B at a load of 
284 kips; and the maximum load of 320 ‘ips i is attained when the last hinge ~ 


The equations given with the example are for the initial response only 
and d should be altered as the hinges form | OF as the sections yield i in shear. a For s 
- many reasons the results of these analyses could not be expected to be exactly ; 
separ experimentally. For cases of unsymmetrical loading, high shear 
forces can change the values of moment and slope from those expected from > 
: - flexure alone. This fact should be remembered when planning tests and per-— 
analyses in which shear forces are high enough to be of importance. 
General Observations. —There are many limitations to utilizing the reserve 


7 plastic strength, local flange and web buckling being two of the more serious” 


of these limitations. 7 Flange or web buckling may seriously impair the rotation — 

ng capacity of the member. _ Thick flanges and webs tend to reduce the possibility _ 

d of buckling; the use of such sections probably will be required wherever large 
rotation capacities are desirable. Thick flanges will — moment 


—. 

| 
4 For bending combined with shear (solid lines in Fig. 19), just as for bending 
| 
on 
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SHEAR DEFLECTION ee 
NLA 
pei imply higher shear forces. Thus, the possibility of shear yielding i in the 
web and its corresponding effect on the behavior of the structure must ei : 
considered in the study of desirable section properties. Also, strengthening 
é beams by adding cover plates v will often | require that shear be considered pork: -_ 
general, shear will be of primary importance only in unusual loading 
_ conditions, for example, in the case of a concentrated load near the - the end of a 
beam as in the use of offset columns in buildings. Because general shear ~ 
“Tigh ae in the webs will cause excessive deflections, ‘it is recommended that 
high shear be avoided whenever possible. However, when high | shear forces 
are encountered, the data presented herein will permit estimates of the shear — 
‘Shear ' deflections i in the elastic range are often quite important a and it isa 
generally, accepted rule that they should be considered ‘when the st span-depth 
_ ratio for simply supported beams is 8 or less. For a 12W120 beam ie 
~ which i is simply supported and has a span eight times its depth, the plastic 
shear deflection represents approximately 25% of the total deflection. The 
span-depth ratio, for which shear is important in plastic design, varies and 
depends on the boundary conditions and moment gradient. For a 12W120 
- beam fixed at both ends and loaded at the center, , general shear yielding in the e 


_ web will occur at or before the yield moment is reached at the support or | 
& load point (both moments are equal) for & span- depth ratio of approximately — a 
11. This emphasizes the fact that the : ‘span- -depth ratio does not need to be 


extremely small for shear deformation to be important. = 


tests described the first large-scale tests of ‘continuous beams 


= 


moment capacity for the section and span ‘used, 


_ Data are also provided which make it possible to ‘predict the components — 


of deflection due to shear when regions of the beam have experienced general 
shear yielding. When parts. of the test ‘results have been compared 


current design specifications, they indicate that, wherever large shear forces 
4 are present, the factors of safety against general shear yielding may be some- 


what low. This seems to be ‘especially true of loadings of the type used in 


F these tests, which are unusual, but not covered adequately by the specifications. ’ 
Theoretical examples are presented which show that, in unsymmetrically 
Toa nomen 


ded beams when shear i is considered, the moment ‘and | slope values differ 


when general shear yielding of the web occurs. 


4 "the experimental parts of the work were performed in the Structural Re- 

_ search Laboratory, Department of Civil Engineering, University « of Illinois, at 
Urbana, as ‘ part of the work of the Engineering Experiment Station of the 7 : 
university. paper is based on a thesis by Mr. Hall! welsh. was 4 

‘out under the direction of Mr. Newmark. 
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RIVER- BED ‘DEGRADATION BELOW LARGE- 


By M. _GAMAL MosTAFA,* / alle 
2 4 aid esi MAGE B helio: Ala oie el doniw 
Wits Discussion BY MEssrs. WwW HITNEY M. BorLAND AND Cari R. MILLER; 


has Maurice L anp Hs1n-Kuan Liv; Serce LELIAVSKY ; 


OSTWES M. Gamat Mosrara wilt ebnagab 


oi A simple method of predicting the the condition of equilibrium ai attained by a 
river bed subject to degradation is presented herein ; it is suggested that the 


a rate of degradation be computed by a trial method. | It is hoped that sn 
examination of this subject help clarify a a of vit vital importance in 
wie 


The construction of a dam and of a storage reservoir on a stream causes a zr: 


- reduction in the transport ability of the stream upstream of the dam in relation i 
to the actual s sediment load ; downstream of the dam, the actual sediment load, 

if any, is reduced below the ‘transport ability. of the stream. ") In both zones the 

= regime of sediment transport is destroyed and the stream reacts accordingly. 

sift the water released from the reservoir is relatively clear, the sediment trans- 
port immediately below the. dam will be almost zero, although the sediment- 
_ transport ability of thé flow remains high. . Because the flow tends to establish 

~ equilibrium: conditions, material from the bed and banks will accumulate ‘and 


_ scour will occur. This tends to deepen and widen the channel and, at the same i] . 


time, to flatten the slope. Finer fractions are removed from the bed by 
_ - selective ‘sorting, and the bed becomes progressively coarser because of scour. L 
Finally, a regime is established with flow conditions incapable of scouring ¢ any 
the bed surface, and the process of degradationisended. 
--- The writer will attempt to predict the extent of degradation below large- 
capacity reservoirs (due ear water) and to predict the rate 
‘ _ Norz.—Published, essentially as printed here, in September, 1955, as. Proceedings Paper 788. Posi- 


‘Tron and titles given are those in effect when the ‘paper or discussion .was approved for publication im 
raneactions. 
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DEGRADATION 


discharge i is is constant between the the dam and the first neler -control works 5. 
oo the river downstream. A constant discharge is assumed between each | 
pair of control works—that is, only where there is a water-level-control works 
does: i inflow reduce 1 river discharge to some canals for irrigation or other pur- 
poses. . Ther river is, therefore, divided into reaches as shown in Fig. l. In the 
first reach there is a dam i in its upstream end and a barrage-control works in 7 
its downstream end. Any: other nee ARES will have a barrage i in its upstream end 


Just downstream of dam — First control na ‘Second control—> sol hae 


First reach teach Third reach— 


on wom 


water surface 
> 


and another in end. Each control works can maintain 


certain water level in its immediate te upstream : 


~ 


ere Conprtion Arrer CoMPLETE 


\. 7 ‘degradation process ceases when the river-bed material becomes coarse 


if enough and the energy gradient becomes small enough 0) that the a 


‘such a condition is reached, the stream flow will be clear. im such a case one 
can apply the flow equation, given by G. H. Keulegan’? and modified by Hans © 


A. M. ASCE, to include smooth walls as well as walls: 


= ue 5.75 Loge 12. 27 


in which wu is the average flow velocity; us is the friction velocity equal to 
Meh: t/p; R is the hydraulic radius; k, is the representative grain diameter; 7 is 7 
_ the shear stress exerted by the flow equal to yrs, in which S is the energy ai 
_ gradient; 7 is the specific weight of fluid; X is the correction factor. equal to a _ 
- function of k,/6, in which 6 is the thickness of laminar-boundary layer e equal to 
‘11.6 v/us; and » is the kinematic viscosity of the water. au} 
Assuming that the minimum tractive force required to move bed material 
is the same as that reached when degradation is complete—that is, when the 7 
4 flow conditions at the end of erosion are similar to those at the start of bed-load | Pe,’ 


.  *“*Laws of Tusbeiens Flow in Open Channels,” by G. H. Keulegan, Journal of Research, National Bur- F 
eau of Standards, U. 8. Dept, of Commerce, Washington, D. C., Vol. 21, 1938, pp. 701-741 
* “The Bed- load Function for Transportation in Open Channel Flows," by A. Einstein, 
Service, U pt. of ashington, D.C., 1950. 
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thirty years many laboratory be been to 
the value of the critical tractive force ; these experiments resulted in an equation 


in which K was considered as 1s being either a constant dependent « on the uni-— 


Range Mr. Einstein‘ does not accept the sang that traction is the ms major 


TT 


» 


Using the curve of A. Shields for the variation of K with ‘R, = 11.6k 
r Y = = 0.06/K is ; plotted together | with Mr. Einstein’s X in Eq. 1 against k,/6 : 
Br 5.75 7! (12. 27 X ae ef (3a) 


Logie | 12.27 he 


{ & which Q is the flow discharge and A, the cross-sectional area of ae acee 


for the ‘Transportation: of Bed by I Hans AL ASCE, Vol. 107, 


1942, pp. 561-597,” 
 §“Amwendung der und der 
by A. Shields, Proussiechen Versuchsanst fir Wasserbau und 
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Kchiffbau, Berlin, Vol. 26, 1936, 


ms For every shape of cross: section, A can be | dentist in terms of eR, as 
appears in Appendix I for cases of rectangular, triangular, and trapezoidal — = 

streams. Eqs. 3 become an expression for Q in terms of R, whereas S = 
- — y)0.06 k./Y]/y R and is, therefore, inversely proportional to R. Thus, __ 
— for every bed-material composition in a stream reach subject to degradation, the 
7 - final hydraulic radius and slope for each discharge can be computed with 
accuracy if a proper value for k, is used. Assuming that because the material —__ 
left after degradation i is composed of the coarsest bed material and is, therefore, 
¥ more or less uniform and assuming that its characteristic size, k., can be — 
chosen properly, the computati 
of X and Y as unity, the corresponding value of R to y each discharge, and then 7 
_~ checking X and Y from Fig. 2. It would be e necessary to repeat t the com- 
putation if X or Y, or both, are not unity. 
Choice of k,—Sample borings in the bed of a stream reach may result in 
_ the following: (a) Uniform-diameter sand through the bed; (6) a certain mixture 
of sand of different grain sizes; (c) mixtures of sand increasing in coarseness; 
@ mixtures of sand decreasing in coarseness ; and (e) layers with different 
“grain sizes, bad top layer being sand and the , succeeding | layers beit being gravel or or 7 
ro | the first case, the diameter of sand would be used as k,. ¥ In the second fo 
case, a diameter of from 90% to 98% finer is suggested for k,, depending on 
_ whether the bed was as subject to degradation (90%), 8 stabilization (94%), or 
aggradation | (98%) pr prior to the dam closure. Data of bed- material below 
- Hoover Dam (Arizona-Nevada) at locations believed to have been wie 


to aggradation prior to the dam closure show that the mean size after "erosion h 


7 corresponds to as much as 98% finer of the surface bed material before erosion. 
s Data of bed material from other cases would be of interest, especially i in the — 
of a ‘stream bed | subject to degradation prior to dam closure. Data of 
sample analysis and depth of erosion at different locations in the Colorado 
River area show that degradation was still in process when Parker Dam and > p. 
_ Imperial D Dam v were closed i in 1939 and when Davis Dam was was closed in 1950. _ 
Stanley* 
has shown that there was a fast decrease in the rate of total welamns of erosion _ 
in in the first years after closing Hoover Dam. This is natural but does not — 
mean that degradation had stopped before 1939. In fact, prior to any closure 
ownstream of Hoover Dam, bed material i in the Colorado River at a distance 
and of 0.23 mm at 65% finer, whereas the tractive fnew: exerted by the flow 
uld move a material with a diameter of approximately 0.5mm. — Degradation 
tarted downstream of 1 the dam and proceeded downstream as the “material 
The slope had not as s yet been — 
flattened for equilibrium to have reached. Table 1, taken f 
a report issued by t the Bureau of Reclamation’ (United States s Department ¢ of 
- the Interior) indicates the degradation that was taking place | prior to closure 


ie ‘Effects of Dams on Channel Regimen,” by J. W. Stanley, Proceedings, Federal Inter-Agency © oa 
_ Sedimentation Conference, Washington, D. C., ‘19 


“River Control Work and Investi tions, Lower Colorado River Basin,” Report, Bureau of Recla- 
mation, U. 8. Dept. of the Was ington, D.C., 1950-1951. 
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Data regarding the behavior of thes stream bed prior | 


representative | of the bed ‘material at completion of erosion. Therefore, it is 
- suggested that pending further investigation a diameter of 90% finer should — 
<« be used for k,, if the bed has been subject to some degradation ; a diameter of r 
94% finer should be e used for a bed that has been in equilibrium ; anda diameter 
finer should be used for a that has: been to 


0.22 Slope changed from 2 ft per 
— mile to 1.7 ft per mile 


| 


In the third case and in the Sere case one can assume a total scour depth, 


choose a corresponding value of k, from samples in the vicinity of the assumed 


_— scour, compute a & corresponding depth of scour from flow conditions and the 


Q-R-k, relationship, and then check the location of the sample. “In the fifth © 


7 Case, the same procedure can be used unless the computed scour is deeper than 


7 — 
vis off Fia, 3.—Tria, Meruop ror DecrapaTion avoult You wob 


a the limit of scour but can be treated i in the same manner in exceptional cases. a 


_ Assuming a section, a; (Fig. 3), distance, L, from the dam which is assumed 


to be the range of scour during the first time interval of one month, the sedi- ‘ 


volume of scour should be equal to the difference between the loads | passing 4 


_ these two sections during the assumed time interval. . Water-surface elevation oi 


Assuming a certain amount of scour at a section, 1 km upstream of the 


— o the passage of clear 
7 
— 
| 
| 
= 
&g 


short ‘reach is 3 approximately equal to the mean of the energy slope at both — 


sections multiplied by the reach length; the energy slope i is a function of depth ie 


at the upstream end of the last determined ; ‘the 
: = at another kilometer upstream can be similarly computed until one 

7 reaches the first kilometer immediately downstream of the dam where the 


sediment load should be zero. Otherwise, a different location for section a; 
chosen, and successive trials should be made. Starting with the 
2 bed and water ‘profiles attained by the end of the first time interval, the scour 
- trials can be repeated for the second time interval starting | with a section, bi, 


ole DIscHARGE AND SEDIMENT Loap ob 


The writer believes that the Manning equation for flow in open channels — 

is inapplicable when there is sediment in The value of Manning's 

nm may vary from 0. 016 to 0. 06 in sediment-carrying flows and rivers and tends" 

increase with less sediment transport. Bed undulations and sediment 

- movement, whether i in suspension or as a bed load, affect friction,® and, vad ie 
affect the relationship between different hydraulic conditions—that is, R, S, 
and Q. Until hydrosediment science is more widely accepted, it seems more 

practical to use empiricism for a river-discharge formula. | For the Nile River, “7 


a in Egypt, it has been found that, for almost all different discharges and aren 


ment loads, the equation, silombyH 


gives approximate In Eq. 4, M is a which, for the Ni Nile 
River, is equal to 130 per Al ALD) i arty 
_ _‘The writer suggests that Eq. 4 may be used nie different rivers as follows: a 
4 in which k can be determined by a statistical study of river em _ deaneds 


Eq. 5 gives S = (u/k R)!, which can be used in in the successive-trial pro- 
cedure for determining of degradation progress. 

_ There have been so many investigations made of the sediment-transport ; 
“ability of flow that it would be impracticable to cite them in this paper.  There- 


fore, the wishes to refer to a previous summary y made of these investi-- 


the data. Itis suggested that an empirical equation be used, such 
as the one given by Lorenz G. Straub,! ASCE, simplifyi ing the : successive- 


8 “Some Effects of Suspended Sediment on Flow Characteristics,” 7 Vito A. Vanoni, Bulletin No. bead 
Proceedings, 5th Hydraulics Conference, Univ. of Iowa Studies in Eng., lowa City, Iowa, 1952. ee 

“Analytical and Experimental Study of the Effect of Flow Characteristics and Fluid Viscosity 7 
the Movement of Bed Load in Open Channels,” by M. Gamal Mostafa, thesis presented to the University 

of Minnesota, at Minneapolis, in 1949, in partial fulfilment of the Tequirements for the degree of. Doctor 7 

“Detritus Trans rtation,” by Lorenz G. Straub, House Document 238, Cong.,. 2d Beasion, 
Govt. ‘Printing Office, ‘Washington, D. C., 1935, pp. 1124- 1150." 
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in which N is a sediment coefficient and G is the sediment load. 
sediment diameter which ‘should be used in the of N and Te 


- increased reaching from 90% to 98% finer for the last time worry in which the 
degradation appears to approach its maximum value for equi- 
‘librium. When such a condition is approached, the next reach of the river 
between the first and second control structures downstream of the dam will : 
‘start to degrade when not enough load is being supplied by the first reach. ; i 
Computations for this reach with its known discharge, Q:, would be similar D 
_ to those of the first reach except for the control-works section. In this section, 
= G does not equal zero but is smaller than the flow-sediment capacity and also” 
_ decreases in time; the same procedure can be followed for succeeding reaches. _ 
_ With the eutention of which water-flow formulas or which sediment-flow 7 
formulas are to be used, the degradation progress can be evaluated more 
accurately when the length and time intervals used in the successive-trial _ 


ree 


The writer prepared this ‘Paper 1954 when he was granted ‘a United 


Nations Technical Assistance ) Fellowship i in the United States to study sedi- 


- mentation . control. jb He v wishes to thank Enos J. Carlson, M. ASCE, of the © a 
Hydraulic Laboratory, Bureau of Reclamation, for his kind cooperation in _ 


making available the Bureau's reports and o other published 


in which = horizontal/vertical 
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DEGRADATION 


0. For the guidance of discussers, the following symbols used in this paper 


woh k= grain di diameter of sediment ; 


k, K, N, and M = = coefficients; 


scala fs = discharge of wate ad. wail weed 


bed ods R, = grain Reynolds number equals 11. Bs ks te 


~yoloveb = slope of t of the energy gradient ; 

_ abd on boa. u. = friction velocity equals 


fa 


= specific weight of sedi men 
eau = thickness of | aminar | oundary layer; 


= tractive force per unit area equals rs Y RS ment 


dea = critical tractive force per unit area; and 
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ASCE.—There is a continuing need in sediment engineering for — 
procedures for predicting the stream-channel degradation that results froma _— 
change in the natural regime. The: author’s paper cites the condition in which 
clear water is released from a newly constructed storage dam. A similar — 
problem results when a natural channel is used as a wasteway | for irrigation- 
‘The author prop sunmemen a logical procedure for « computing the degradation. 
_ Similar procedures have been used by engineers in the Bureau of Reclamation 
_ for predicting degradation that would result from constructing reclamation — 
projects. Factors controlling the degradation are (a) size of the bed material Ss 
, as related to depth; (>) transport limit of the materials in the bed for the exist- _ 4 
_ ing hydraulic conditions; (c) depth of the bed turnover and bed-armor develop- _ 
a 


ment; (d) downstream controls; and (e) ability of the structure to retain the © : 
replenishing supply of bed material. In a completely. homogeneous river 
ckannel—that is, a channel having no downstream-grade controls and no bed- _ 
material variation with depth, and having all transportable -material—the 
degradation will be limited only by the reduction i in slope. Eventually, a slope is 
7 - would be reached at which transport would cease. If bed material that cannot ‘— 
be transported is is available, the degradation wilh be li limited by the depth of 
Inthe technical analysis of the problem the limitations of the basic data it mm. 
_ modern bed-load formulas | must be recognized. The author suggests | the use 
of the Straub bed-load formula. ‘The writers have found that the various 
_ formulas are usually applicable only to the particular stream or set of conditions __ 
from which they were derived. None of the formulas, many 0 of which are based ~ 
- solely o on laboratory r research, ¢ can be. applied to a river or to a condition without 
first establishing its applicability. The Einstein bed-load function* and the 
modified Einstein procedure'® have to be representative of conditions i in 
varying types of alluvial streams in the United States. The Schoklitsch 
 formula'* has been consistently reliable for computations within the range of — 


medium-sand to fine-gravel size 0. 2 mm to 8. 0 


re 


Head, Sedimentation Hydrology Branch, Div. of Project Investigations, Bureau of Resleme- 
tion, U. 8. Dept. of the Interior, Denver, Colo. _ 


_ 32 Hydr. Engr., Hydrology Branch, Div. of Penton Investigations, Bureau of Reclamati 
of the Interior, Denver, Colo. 
“A Plan of Channel Erosion Control, Fivemile Creek, Project, ‘Hydrol 
a Branch, Bureau of Reclamation, U. 8. Dept. of the Interior, Washington, D. C., April, 1953. a , 
«4 “A Study of Channel Erosion and Control, Muddy Creek, Riverton Project, Wyoming,” Repo f 
Hydrology Branch, Bureau of Reclamation, U. 8. Dept. of the Interior, Washngton, D. C. June, 1954. 


Computations of Total Sediment Discharge—Niobrara River near Nebraska,”’ 
and Hembree, Water Supply Pi +1357, Dept. of ‘the 
16 The Bod Bed- Load Formula,” "by 8. Shulits Engineering June, 1935, 644. 
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BO BORLAND-MILLER ON RIVER-BED DEGRADATION 
to select bed-material emule that represent the average size : within: 5% 
accuracy. Fig. 4 shows some bed-material-size data for the middle Rio 
. Grande area. The variation from day to day and from point to point at ah 
same cross section should be noted. The 98%-finer size varies from 0.6 mm | 
to10.0mm. Selection of the 98%-finer size to indicate the m measure ( of stability ae 
: does not appear justifiable i in most cases. It ‘might be more practical to select 7 
some relationship with the material, for example, the 75%-finer size in which 
_ the skew factor would not be so pronounced. In addition to the difficulty in 


oy June 20, 1952 _ 
July 24, 1952 | 
at 


two different dates 


alll 


finer 


a 


_ selecting bed material to define the 90%-finer or 98%-finer size, the limitations 
§ the laboratory analysis should be recognized. The magnitude of error 7 
_ increases with a decrease in quantity of material available in a particular siz size 


In order to develop procedures for predicting channel degradation, methods 
for deriving bed-material transport must be representative bed-— 


a. 
q 
— 
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4 | 
— 
bed armor such as depth of turnover and necessary thickness of the ij 
| 


layer must be determined. Without more complete definition of the i 
factors, one can only approximate degradation based on bed-load formulas. ; 
___ It is often necessary to predict the distance downstream that the cain a 
tion will extend, in addition to the depth of degradation. When two structures ls ' 
are involved the aggradatio n-degradation balance point is the limit and can 
usually be established within certain bounds. When no downstream control _ 
_ exists, the theoretical limit would be a bed grade which is parallel to the 
original bed grade. This never occurs: because a a completely homogeneous 


contributions, retard the degradation process. The limiting factor in the case 
of degradation below a diversion dam i is often the amount of sediment storage 
ultimate trap ‘efficiency of the dam. 
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Davis Dam closure 


1939 19 1941 1942 1943 1944 1945 1946 


2, Coronano Riven, ‘(Hoover Dam TO Davis Dau) 


‘Because degradation i is a “process. -of sediment transport ; and | the oneal: 
concentration increases with discharge, the use of mean discharge, as as age 
_ by the author, would not agree with the determination of degradation. The 
_ flow-duration curve could be used to compute the transport or to establish a 
“dominant” discharge, which can then be used in the degradation analysis. 

_ The dominant discharge can be described as a discharge which has the most — 
inf influence on the sediment transport and the channel shape. _ This discharge is _ 


¥ readily established in a canal or in a completely, controlled river, such as the ’ 
bow er Colorado River; it is difficult to establish 1 in a river oie a wide range 


a 1938 of Imperial Dam and Parker Dam retarded int in the Colorado ‘ 4 
River below Hoover Dam. “a This implies that the relationship in Fig. 5, showing» 
a the : degradation rate with re paapent to time, would have been different if Parker at 


4 
nnel does Nov exis nda Decause OLher actors. Such aS sediment i 
= — 
— 


| 
_— had not been built; in Fig. 5, Lisi is the rate of scour (when Q is 15,000 cu — 
ft per sec) computed free Lag (15,000)?2/Q?, in which Lg is the measured rate — 

of scour and Q is the actual average discharge. The writers do not agree with — 

the author in this respect because it is believed that the backwater effect of 7 

Lake Havasu (Arizona-California) did “not extend beyond the head of the 
Mojave Valley—that is, beyond the gaging station located just below — 

= Dam. _ Fig. 5 indicates that the degradation r rate was approximately 2,000 000 
eu 1 yd per month when Parker Dam was closed in 1938—approximately | one- 

half the maximum rate after Hoover Dam was closed in 1935. The shape of 
the curve and the position of the points indicate that closing Parker Dam had 
no influence on the rate of degradation. - Degradation below Hoover Dam was 
Hoover Dam was influenced by factors other than the construction of Parker — 
Dam. The author states that, in a purely homogeneous stream | channel, the - 
degradation below a storage reservoir would proceed far downstream and would, — 

perhaps, be governed only by the ultimate base control, which is the ocean.!? — 
; However, the fact is that natural stream channels are heterogeneous and not an 
homogeneous. _ Wide valleys, such as the Mojave Valley near Needles (Calif.) 
above Topock Gorge, form areas for sediment deposition and prevent a 
generalized principle from being applicable to special cases. 
ods of od Sal? am pa 
Maurice L AuBertson,!* M. ASCE, anp Hstw-Kvan Liv,” A.M. ASCE.— 
_ River-bed degradation downstream from reservoirs is a subject of f increasing © 7 
~ concern to engineers throughout the world as more flow-regulating structures © 
are being built. Therefore, the author should be thanked for presenting the — 
Logie a and observation in the field and in the saiailiahes have shown that b 
; ‘scour and degradation will occur in any alluvial channel if the flow is not — 
_ Saturated with bed material. _ Therefore, for a given discharge and channel 
width, scour will occur until equilibrium is reached either by i increasing the 
_ resistance of the bed to scour Gncrensing the size of the exposed bed material) 
or by decreasing the carrying capacity - (decreasing the slope), or by a combi- 
nation of both of these. In either case degradation occurs until a stable channel 


In the first case the development of a stable channel is s dependent « on the a 2 


“availability of coarse material in the bed so that as selective sorting takes place ; 5 
the bed gradually becomes covered or plated with coarser material which can 
- withstand the forces of scour. The necessary size of this material can -— 
BB 3) to some extent by using the stable-channel theories of of Emory W y . 
Lane,” M. ASCE, and Thomas Blench," M. ASCE. 

If the necessary size of coarse material is readily available in 1 the bed, the 


of degradation will be small and equilibrium will t be quickly 


stopped by the closing of Davis Dam in 1948; the rate of degradation below | : 


hoi a7 “The Importance of Fluvial ial Morphology i in “Hydraulic Engineering,” by E. W Lane, Proceedings 2 
= 18 Prof. of (Civ. Eng., Head a Fluid Mechanics Research, Colorado Agr 
19 Asst. Prof. of Civ. Eng., Colorado Agri. an Mech. College, Fort Collins, Colo. 
-% “Design of Stable Channels,” by Emory W. Lane, Transactions, ASCE, Vol. 120, 1955, pp. 1234-1279. a 
‘Regime for Self-Formed Channels,” Thomas Blench, sbid., Vol. 117, 
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However, if the 1 necessary size of coarse material is not available, degradation | 
will continue until the slope is decreased to the point where the channel is w 
_ stable for the coarser fractions of bed material. This ultimate slope also can ee 
be predicted by using the stable-channel theories. It is, therefore, possible rs 
> - that it would be helpful to apply the stable-channel theories to the problem x ; 


‘The writers would like to show that, in a given alluvial channel having a 

; steady, uniform flow, the various dependent variables are functions of certain 5 F 
independent variables, as follows: otet Mat 


=¢ discharge, slope, ° ATACKETISHCS of the bed and }.. 
va : of the w ater 


include the Chezy resistance coefficient, the con- 
. _ centration and distribution | of the total load, and the suspended | ones of mane 7 


‘methods or dimensional or a combination | of the 

of flow is found to vary with the s square root of the slope; this is contrary to 

re Eq. 5. Therefore, it is suggested that consideration be given to the following 
@ equation, which is de derived ved from Eq. 1A. 


ey 


which C is the chery resistance coefficient, C/ =u/vVgRS, R is the 


uis mean v velocity, Ris the radius, and v is the kinematic v viscosity 
of the water. A significant correlation was found between Eq. 8 and data 

: available from laboratory a and field experiments. Ini addition, , these datashow 
clearly that beyond a certain value of rR the roughness « decreases and the | 
concentration increases™: 4 with increasing R, which agrees with the author’s _ 

r conclusion. _ However, the results of the writers show that for certain ranges of 

7 boas nolds numbers and relative roughness the opposite effect is also found. 
Because degradation starts upstream at the toe of the dam and proceeds” 7 i, 
downstream, one can begin computing degradation by the successive increment _ 

‘method at the toe of the dam rather than at a distance downstream, such as : 

_ that shown by a: in Fig. 3. 
_ For a given discharge, slope of stream, size of sediment, and temperature — 
of water, the stream has certain capacity to ‘carry ‘sediment. If such 

4 capacity is reached by eroding upstream reaches, the downstream bed will be = 


unaffected at first. However, as soon as the bed within a reach is eroded Be 


will decrease, and the erosion process will shift downstream, accumulating | 23 


(shown by section 0-1 in Fig. 6), the slope will decrease, the capacity of erosion 


= «8 “Some Aspects of bey of Alluvial Channels,” y 8. Ali, thesis presented to the Colorado 
_ Agricultural and Mechanical College at Fort Collins, in 1953, n partial fulfilment of the requirements for — 
__ “Roughness in Alluvial Channels,” by Maurice L Albertson, Research Report, Colorado Agri. and 
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more sediment in in order t to the of ‘The 
_ erosion between sections 1 and 2 in the second time interval will not be as 
great as the first time interval between sections 0 and 1. However, the total 


a volume, Vol. 2, will be the same as Vol. 1, assuming no change has — 
taken place in the composition of the cis 


a 


In order to estimate the rate of degradation more accurately, it is necessary 
to the the mechanics of degradation more Because degradation 


Initial water surface age: 


: you vat 
are 


\or and i in 1 this discussion are oversimplified in in a 
“80 30 far as ina a natural stream is concerned. N by means: 


a 


produced a particularly valuable and timely paper; it belongs to the group of | 
analytical ‘Solutions that are based on parameters to be determined in in the 

laboratory. From the more conservative standpoint, ‘such a solution becomes 
an engineering fact only after it is applied to, and confirmed by, practical, — > 


‘Thea author’ s attention is directed to the fact that, with | particular Teference 


analysis of on nstural 1 rivers and rith laboratory 


Mr. Mostafa | gives (under the heading, and 


Civ. nd Engr, Cairo, Egypt. 
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is a condition of nonequilibrium and of unsteady flow, knowledge of 
q 
if 
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River, the writer ventures to present another formula for this river, which may 
— 


serve to illustrate the difference i in on described in the he fore- 


"This formula ¥ was developed by the writer in 1922 while he} was in charge of — 
the mathematical analysis of a vast scheme of observations on silt, performed q 


in Egy pt, on irrigation canals and the Nile River. Misogaiuy, si. sala at 
The principle embodied in this formula—namely, of al ab 


posh was not a snemeaieehente postulate (as is frequently the case in similar investiga- q 
- tions) | but was a conclusion derived from an examination of these same records. 
In Eq. 9, » is the mean velocity, in meters per - second; “denotes the silt i in 
suspension, in grams per cubic meter; R is the hydraulic mean depth, in meters; 

_ § represents the slope; and 10 is the minimum value of z. _ ee ee ; 

In fact, the principle contained in Eq. 9 was that, because of the presence _ 

of silt, the same channel is capable ceteris paribus of a larger discharge than the 4q 
_ same channel containing entirely clear water. _ Eq. 9, usually known as the 


3  Beleida formula, is frequently quoted in the literature on the > subject at is a 


wrongly. attributed to A. B. Buckley, in whose paper’ it first ‘appeared. At 
the time when it was first produced, Eq. 9 was possibly. too advanced and ~~) 
= a certain criticism because it was believed ed to be rather paradoxical. Ta te 
It is therefore of particular interest to place on record the fact that recent ; ; 
laboratory data have confirmed what was originally derived from observations 


- on a natural river. In point of fact, the well-known laboratory investigation 
Vito V. anoni,”” M. ASCE, fully « confirms the principle v which appeared tobe 
a paradox when first produced. 
st is tentatively suggested that the value of Mr. Mostafa’s work k may be : 

enhanced, should its method be. developed, by explicitly ‘introducing: therein 

the quantitative interdependence of C and z, as yielded by Eq. 9. | enon 


M. Gama Mostara,™* A.M. ASCE. the writer to thank the en- 


“ideal ‘conditions may, in some cases, be far from However, 


_ as Messrs. Albertson and Liu have stated, ‘‘* * * by means of such simplification, _ 
> a more exact and, perhaps, more complex, sastutlon may eventually be found.” 


; Beginning with a simplified case and introducing the effect of natural condi- I 


_ tions, a reasonable procedure may be reached by computing the rate and — ; 


extent of degradation. Such a procedure may vary for different c cases 


“Computation of the Beleida Formuls, "b ge Leliavsky, Minutes of Precesilings, Inst. of Cc. E., 
London, Vol CCXVI, Pt. II, 1922-1923, p. 207. 
Influence of Silt on Velocity of f Water Boning in Open Channels,’ by ALE B. 3. Buckley, 


ransportation of Sediment by Water,” by Vito “A. Vanoni, "Transactions, 
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Ale a A For example, it may be possible in some cases to assume that a river stretch “@ : 
between two control stations is straight and that its cross section is constant. 
other cases the effect of every sharp turn may have to be studied separately. 
| 


steps in the step-trial ‘method of computation. A baie sil? 
‘The use of a constant discharge for a river reach in the analysis did not 
‘represent mean discharge, as Messrs. Borland and Miller have stated. It is 
true that natural stream flow should be represented by 2 a flow-duration curve. 
However, if, as is usual practice, a large-capacity reservoir is constructed so — 
that the flow is regulated into its downstream, variation in discharge would © 
probably be a seasonal occurrence rather hiesin: daily natural phenomenon. ; 
Computations based on a constant discharge would, therefore, approximate | 
actual conditions—for example, the Aswan “Sadd-el-Aali” ‘High 
(Egypt), which will be constructed on the Nile River with a reservoir capacity 5 
of 130,000,000,000 cum for flood protection, generation of power, and develop- © 
ment of agriculture. Because only water needed for irrigation and domestic — 
use will be released from the reservoir, , it is expected that the discharge vari- ; 


= will be seasonal, with a maximum of 240,000,000 cu m per day and a 


minimum of 100,000,000 cum perday. 

Assuming that a regime of natural equilibrium had been established in the | 
. _ Colorado River prior to closing Hoover Dam, valleys were areas” where de- — 
$ - position and scour took place without a great change in levels from year to | 
ie After Hoover Dam was closed, riverbed degradation started below © 


o the dam and progressed downstream. _ By 1938 the exposure of rock ledges, i 


4 gravel, and coarse sands stopped the process in some near reaches; in some 


4 far r reaches the bed surface was still composed of fine material. Therefore, 

degradation had been retarded but was still having some effect. Because the 
backwater effect of Lake Havasu did not extend beyond the head of the Mojave a 
Valley does not mean that if Parker Dam and Davis Dam had not been built — 
there would have been no no degradation below the Mojave Valley. B.sdt cepaned 
_ The writer agrees with Messrs. Borland and Miller that natural stream 
channels are heterogeneous and that an assumption of a pure, homogeneous — 
channel can never approximate reality. However, , the ocean is the theoretical — 
limit for degradation below a large reservoir whenever there is no dam : = 
natural deposition trap downstream of that reservoir. In cases where there _ 
isa a trap it is located « only at the stream end as the stream approaches the ocean — 
The writer has recently conducted some laboratory tests at the Hydraulic 
Research Station, at Barrage, Egypt, to determine the characteristics of the 
bed armor r after scour. a Although these tests are still i in progress, the owing 

; preliminary conclusions can be made: (1) Coarse material of approximately 

bed ed composition can form an armor wi hich can ‘prevent excessive local Iscour 
by forces just less than the critical force necessary. to cause its general ‘move- : 
ment, and (2) the limit of channel- bed degradation may not only be the | 
formation of the armor but may lead to the determination of the minimum 
surface slope. _ ‘The latter conclusion has not yet been described quantitatively. a 
‘Iti is hoped that ‘experiments which will soon be started in the 100-m-long . 
and 1.5-m-wide experimental channel will help define the limiting slope. An eS 


7 additional preliminary conclusion is that taking the 75% finer diameter as a 
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“4 relative index of stability needs further Mr 
mended this size for stable-channel design. qate ‘otf? ai 
3 Experiments to date (1955) have shown that 2% coarse material is not a 
_ enough to form an armor at an early stage of degradation ar and aeemate from 4% 
to 5% coarse material may be necessary. ool mes eve tie o ound 
During a degradation experiment, uniformly graded bed material 


with the depth and location of the sample and had a maximum oe mean 


~— a Messrs. Albertson and Liu have recommended the application of an equa- 
ae ion for the velocity of flow in the steady uniform condition which seems _ 
oo reasonable once ¢ is defined. In 1955 the writer was able to observe promising © q 
J _ work done by Mr. Albertson in defining this function. Mr. Leliavsky sug- 
‘a, 7 gests the use of Eq. 9 for velocity of flow in the Nile River; however, it is : 
- not possible to apply this formula to the computation of degradation : because ~ 
_ the value of Z should vary for every step and time interval. = ens 
7 The coefficient, k, in Eq. 5 of the paper is much more reliable than the 
Manning n; of Eq. to Nile River data has shown a na maximum 
error of 35% whereas the Manning equation has shown errors of up to 200%. 
—, choice of Eq. 6 for the sediment load was justified because of ie 
im simplicity 2 ‘and applicability to bed loads of fine and medium sands w ae 3 
- usually occur in degradation. The modified Einstein,!® the Meyer-Peter,” | 
_ and the Kalinske formulas” may all be applicable to a wider range of sediment Ps 
size than the Straub formula. An reference for different 


the field of hydrosediment science remains vast. The findings of 
Norman H. Brooks,” J.M. ASCE, at the California Institute of Technology — 
at Pasadena may further complicate the choice of a 
& However, hydraulic « characteristics of a stream flow should be lotensehited 
with the sediment movement by the flow if this sediment is in total suspension — 
on the stream bed or is distributed over the water section. The effect of 
sediment movement on the velocity of flow should be included in any equation — 
_ describing the sediment load. At present, this is indicated in coefficients 
_ which may be given as functions of Reynolds number or of Froude number — 
which represent flow conditions. A purely rational solution may be dis- 
covered that will describe accurately the flow of sediment in a stream by — 
means of measurable factors. Engineers concerned with this problem are 


os “Formulas for Bed-Load Transport,” by E. Meyer-Peter and R. 2. Mullar, ‘Proceedings, 3d Mecting 
of International Assn. for Hydr. Research, Stockholm, 1948. 


Tig “Movement of Sediment as Bed Load in Rivers, ” by A. A. Kaliniske, Transactions, . Am. Geophysical 


“The Present Status of Ressaech of Sediment Transport,” by Ning Chien, Transactions, ASCE, 

®=“Mechanics of Streams with Movable Beds of Fine Sand,”’ by Norman H. Brooks, Proceedings- 
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STRUCTURAL VIBRATIONS PRODUCED 


By DoNALD E. HUDSON? AND GEORGE W. 


Peet vibrations in a steel-frame building caused by a and oft quarry | blast — 
are described. Building accelerations computed from the measured ground 
; accelerations are compared directly with measurements made in the building. 
puted and ‘measured building 
response nse indicates that the general method of replacing a complex structure — 


_ by a simplified dynamic model yields results of engineering significance even 


The. dee improvement in weight efficiency 
of structures has led to an increased study of the effects of various dynamic — 
loads on buildings. , Among the loads which have been extensively investigated 7 7 
are those caused by earthquakes, by both air-borne and earth-borne explosive ‘ 
_ shocks, and by self-excited oscillations caused by wind. For a satisfactory 
jae of such problems it it must b be possible to compute accurately the motions 
that would be caused by 1 various 1s loadings. Although considerable difficulty 
__ has been experienced in making theory and observation agree in this field, the 7 
_ work described in this paper shows that a satisfactory agreement can be 
e obtained when all the factors are taken into consideration. T he present | in 
: vestigation is concerned specifically with the transient loads caused by an 
explosive-generated ground shock; the methods of computation, however, 
are applicable to any kind of dynamic loading problem. brief account of 
wo - the methods used for such transient dynamic problems is first ; given, and test 
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‘STRUCTURAL VIBRATIONS = 

7: ee ag a first st step i in computing the deflections or motion of any actual structure, 
it is necessary to make simplifying assumptions to reduce the complexity of he 

structure to the point where computations are practicable. For static problems 

_ many of the ‘ecessary simplifying assumptions have been so sanctioned by | 

ey are, in fact, assump- 

_ tions. For dynamics problems, however, the additional complexity of the 


* theory and the lack of sufficient experience and of test results have introduced _ 


an increased uncertainty as to which simplifying assumptions are really 
_ justified. Perhaps the most fundamental question to be answered in any 
' ~ 4 theoretical design work is “How far can these simplifying assumptions be 
carried without losing features of engineering significance?” 


us 


* 


dynamic loads are (1) the masses of the various elements, (2) the Ufinemes. 
of the members, and (3) the energy dissipations which arise from factors such — 
as friction in joints, ete. | ‘The simplest dynamic model of a structure would be | 
one in which each of these basic characteristics appeared in its simplest form. 4 
_ This simplest possible system (hereinafter referred to as the “simple aver a 
‘is illustrated in Fig. 1(a). All the mass of the structure, m, is concentrated at 


one point; all the stiffness of the system is represented by one massless linear —— 


_ spring having a spring constant, k, and all the energy dissipating mechanisms _ 


the structure are coneentrated in one ‘damping element described by a 
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er Actual structures will often anita be represented by more e complicated r. 
dynamic models. if, for example, the horizontal motions of the three-story P 4 
building shown i in ‘Fig. 1(b) were to be. investigated, it would be possible | to q 7 

set up the dynamic model of Fig. 1(c) in which 3 masses, 3 springs, and 5 


damping elements are used. A very important | feature of these more complex 


models i is that they can always: be replaced by a number of simple. systems. 


Bisse. the behavior of the complex system of Fig. 1(c) can be computed bya 

; superposition of the behavior of the three simple systems of Fig. 1(d). SS 
Ahk Because of the great simplicity of the s simple system m compared to the actual 
structures of interest to the engineer, there has been a tendency for some 
engineers: to doubt the value of work based on such a model. a It should be 


model is based on two considerations 
1. In spite of its simplicity, the model does: preserve the major features of 


Many engineering structures so that it indicates their 
2. More complex structures can always be considered as ‘equivalent to a 
‘Series | of simple systems, and the behavior of the complex structure can | be 
obtained by adding the effects of the individual ‘simple systems. The — 
system can thus be “building block” for the more complex 
systems. 


Tae ExperIMENTAL ProGRaM 


sia Because of the he difficulty of generating large transient forces suitable for 
test purposes, there have been en relatively few direct experiments on the effects 
of dynamic loads on actual structures. In connection with earthquake studies, 
oe have been many steady-state vibration tests for finding the Tesonant 
periods | of buildings. . These tests have usually ‘been made at very low stress 
levels because of the force limitations of the available mechanical — 


the danger | of damage to the structure. 
In the future, aluable data may be expected the earthquake strong- 
BPP accelerometer program of the Coast and Geodetic Survey (United 
States Department of Commerce). _ The data obtained under this program 
so far have been almost entirely in the form « of ground accel ration records. 
Bnet are at present (1957) several accelerometer installations in buildings, 
but as yet there has been no simulfaneous measurement of both ground and 
gnitude sufficient to cause significant 
i Quarry blasts are another possible source of test data. Most of these 
blasts, however, » are small i in size and are not located close enough to typical 
: building ‘structures to give usable ‘results. . In view of these difficulties, it was 
fortunate that a commercial quarry blast of a large magnitude was planned to 
‘sufficiently near & modern, designed | and | well-constructed building 
so that it would be subjected to a ‘Teasonably strong ground ‘motion. This 


afforded the first opportunity measure simultaneously, relatively strong 


sible to compare directly the building with the a 


| 
emphasized theretora that the imnortance of the simp 
mnortance of the simple svcstem of a dunamic 
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motions that would be computed —_— on various simplified dynamic models, : 
_and hence to evaluate directly the practical value of the theoretical analysis. _ 
Description of the Test Building.—In Figs. 2 and 3 are shown the general © 
- features of the steel-frame mill building in which the measurements were made. | 
The building consists of two sections which in many respects act independently. — 
The lower part of the building connects into the higher end at intermediate — 
5 points in the vertical 10WF39 column members (points A and B in Fig. 4). > 
Because of bending in these relatively long vertical members the connection 7 
_ between the two parts is not a very rigid one. The most important masses in 
the system | are the 6-in.-thick concrete floor slab, located in the higher part 
_of the building 45 ft 8 in. above the ground, which weighs about 180,000 lb, 
and the 1}-ft-thick concrete wall at the far end of the lower section, which 
re approxim ximately 350,000 Ib. ‘The cross age > in the end So below 
the floor 


Ya 


ik 


Fis. 4—Sommuarte Daaw: Drawine oF Bouma 


= in Fig. 4 are either 1-in. diameter ~diameter 


Instruments: —The measuring instruments for both the ground 
motion” and the building motion were seismic type accelerometers. The 


instrument a _variable-reluctance, balanced-armature 


type’ of seismic element with a natural frequency of approxitiately 80. cycles 
a 5 per sec and fluid damping of oe 60% of critical. ‘ The accelerometer signal a 


modulated the output of a 2 ,000-cycles-per-sec alternating current bridge. 
The output of the bridge circuit was then amplified, demodulated, and finally 7. 


recorded on paper by a direct pen-writing oscillograph. The over-all frequency a = ; 
characteristics of the accelerometer- ‘recorder system are essentially constant 


from zero to approximately 100 cycles per sec. 
_ .3“Measured Response of a Structure to an Explosive-Generated Ground Shock,”’ by Donald E. 
Hudson, J. L. Alford, and George W. Housner, Bulletin, Seismological Soc. of America, Vol. 44, No. 3, 
uly, 1954. (nd: add tenule edi. 2. ni 


“Ground Shock and Building Motions Produced by a Quarry Blast,”” by George W. Housner, Donald 
E. pha & and J. L. Alford, Procéedings; Soc. of Experimental Stress Analysis, Vol. XI, No. 2, 1954, p. 133, — 
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illograph is at the right, 
and the larger instrument at its left. contains the. 2,000-cycle-per-sec oscillator, 
-_ the a amplifier, and the input bridge circuits. Connected to this amplifier 
unit at the left m may r be seen the small accelerometer, mounted on a right-angle ~ 
bracket to record horizontal accelerations of the floor slab. The locations of 4 
the accelerometer and of the similar accelerometer and recording system in the — 
4 subbasement are shown in Fig. 4. 4. The accelerometers were oriented so. that | 
_ horizontal accelerations in the direction of the short side of the higher part of q 


The Explosive Giggs The. explosive charge was detonated at a horizontal 
distance of f approximately 370 yd from the tall end of the building and 60 yd 
bove the elevation of the building ground level. ‘The 370,000-lb charge of 
“pitromon” explosive was packed in several hundred feet of tunnel cut into 
g sloping side of the mountain.*? In Fig. 2 that part of the sloping mountain- ; 
side behind the top of the tall telephone pole at the left of the building i is the 


approximate location of the explosive charge. 


f pe Fig. 6 is thows the measured ground motion as plotted from the oscil 
-lograph record. The acceleration shown is the horizontal ‘component of the 

_ ground acceleration in a direction parallel to the short side of the tall part of 4 

the building. . . It is of interest to note that the magnitudes attained are equal — 
those of a ‘moderately g earthquake an one that the general periods: and 


53 
<1 


STRUCTURAL VIBRATIONS 
wave ini - are similar to those for the initial part of a euleal earthquake. . . The 


ground accelerations of some recorded earthquakes have been fiom 


lasted from fifteen to twenty times as long. nob. 
At 
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i the actual building structure by several equivalent simple systems. = 
_ The first pebbles, therefore, will be to compute the behavior of a simple 
Berne system under the action of the recorded ground motion. = 
‘It has been found that a convenient way of describing the behavior of the 


Suppose that a force, 
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Tue Response SpectRuM oF THE GRrouND Motion 
From the « experimentally determined ground motion the forces acting on 
iltfZzla the building can be computed, and the anticipated behavior of the building — ; — 
ion,” the method will be to 
Bag 3. 
— 
= 
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> om F, is given which varies with time in some known way (Fig.7(a)). - Aquantity — 4 
is then chosen to define the motion of the simple system, such as the displace- 
_ ment, X (Fig. 7(6)). In order to show in one set of curves the behavior of the 
of Fig. 7(6) for all values of the basis characteristics, m, m, and ¢, 


7 rr pn of vibration of the va system for c = 0, or the reciprocal of the 
natural f requency, such 2 curves are often termed “frequency- 

concept of the response spectrum shifts the in a dynamics 
— from the applied fc force to the behavior of the system under the action 
of the force, and thus the re response spectrum deals directly 1 ith the aspect of 
_ the problem of most concern to the engineer. For most problems it would be 
_ better for the engineer to know the response ‘spectrum rather than the force 
itself. . Consequently, there has been considerable work, | particularly | inthe 
field of engineering seismology, in obtaining typical response spectra. 
a) There are other measures of t the behavior of a system which can in 0 be 
: a plotted i in the form of a response ‘spectrum. — For example, i in Fig. 7(b), the ie 
a --Telative displacement between the mass and the support—that is, the total 
_ strain in the spring—or the relative or absolute velocities or accelerations of the 
mass, might be used as the response. The particular quantity selected will: 
depend on the nature of the problem being studied. By using the more 
F ta general term, ‘ ‘response,” all these possibilities are included under one concept. 


a response spectrum will i in- 


—— ‘Structure on the exten a 
2k can be represented 
degree of freedom. The total r- 
sponse of § of a complex: system canbe 
| determined approximately from 
ro the response spectrum by super- 
“Undamped natural period, in seconds position. This ‘superposition is, 
pve does not retain any in informa-_ 
Satie as to the | phase relationships. between the motions in the various eon 
_ of vibration. The assumption that maximum responses in the various modes 
; occur simultaneously may overestimate the total response for some systems. 
many complex structures, however, this s summation of the 
responses will give sufficiently accurate results so that even for complicated — 
structures the response spectrum concept is of considerable utility. 
4 For the problem under consideration the acceleration response ‘spectrum — E 
_ will be used because acceleration is the quantity which is directly measured. 4 
_ The problem of determining the acceleration spectrum, given a complicated _ 
-acceleration-time function as in the present problem, is difficult and is best _ 
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f cis plotted. Such a set of curves (Fig. 7(c)) is called the 
various values of is p 
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solved by the use e of high-speed computer techniques. In the present case, 
_ the spectrum. was obtained by the use of the electric analog computer of the — 
Analysis Laboratory at the California Institute of Technology at Pasadena. 


From the response spectrum of Fig. 8 the behavior of the building did be sf 


predicted if if the building can be replaced by a dynamic model consisting of of 
sev veral simple systems. “In Fig. 4 it can be observed that the two main masses. 


= the structure—the floor slab in the tall part and the vertical wall at the onl rie 


-4000 


‘The whole structure, therefore, cannot be represented by by just o1 one concentrated — 


"| _ mass—that is, as one simple system ; at least two masses and two springs must 

s be retained in the model. As a tentative model for the structure the two-mass _ 

_ system shown in Fig. 9 is assumed. The mass, m, includes one-half of the 

mass of the concrete floor slab, plus a fraction of one-half of the mass of oa 


CL awout 


roof, and walls. The mass, ms, part of the vertical concrete wall mass 
and a fraction of the roof and sidewall mass. _ The fractions of the roof and 


_ wall masses used were computed on the basis of tributary loads resisted by the © 
wall frames. cantilever spring, k:, was the computed spring constant for 


~ termined by computing the static ¢ deflection caused | by a a given horizontal force 


applied at the floor slab. The cantilever spring, kz, was similarly computed 
for the side framing supporting the roof and the vertical wall of the long — 
of the building. The coupling spring, ks, was computed by considering the 


bending of the vertical members as at points A and B in Fig. 4. These com- 


“The Analysis of Strong-Motion Earthquake Records with the Electric Analog Computer,” by - 
George W. Housner and G. D. McCann, Bulletin, Seismological Soc. of America, Vol. 39, No. 1, January, _ 
* “Spectrum Anal of Strong-Motion Earthquakes,” George W. Housner, R. R. Martel, and J. L. 
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puted values of masses s and quien constants are of course ‘subject to some a 
- yariation depending on the assumptions made as to mass distribution and 


can com- 


ie count 8 The reruiis for the numerical values of Fig. 9 are 0. 278 sec for the 4 
_ shorter period and 0.347 sec for the longer period. The question arises as to : 


- which of these two periods would be excited by the ground motion. . In Fig. 10, * . 


- ‘a still further simplification of the structure is introduced in that in this model a 
the masses and the cantilever spring constants are equal. The two kinds of 
motion possible i in are shown in in and 10(¢). In Fig. . 10(b) 


ded of 
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the two masses move in the same direction whereas i in Fig. 10(c) the masses 


move in opposite directions. A very similar behavior would be 
pected from Fig. 9 because the masses sand cantilever spring constants there ar 


It should next be noted that during the ground motion both masses are 


<7 
“acted on simultaneously by spring forces, ‘and hence at the start of ‘the 
- motion both masses should move in the same direction. The ground motion q 
would thus be expected to excite primarily the longer period. oe The magnitude 
of the acceleration which should correspond ‘to this longer period ‘could be 4 
Biel: from the spectrum curve of Fig. 8 provided the damping in the 
structure were known. Ite can be seen from Fig. 8, however, that, in the 
region of the 0.347-see period, the response is not particularly sensitive to 
“4 _ 2“Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill Book Co., Inc., New York, N. Y., 
4th Ed., 1956, p. 79 FIVER 


___ 8“Vibration Problems in Engineering,” by 8. Tisoshenko D. Van Nostrand Co., Inc., New York, 
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Se values. From the later results it will be seen that this accuracy is sufficient ‘ 
» 3 
— | 
| 
oh 
| 
— 
_ 
| 
| 
| 
| 
| 
| 


=~ 


‘STRUCTURAL VIBRATIONS 


hence, a complete analysis of the ‘damping in the structure. is snot 
necessary, an approximate value based on tests of 
spectrum curves of Fig. 8 corresponding toa period of 0.347 sec that the aaa: a 
acceleration should be about: 01 g. I It is of interest to note that ‘similar 
computations of the building response to several strong earthquakes that have 
been recorded show that the building motions caused by those earthquakes — 
would have been much larger than 0. 1g. han 
Based on the analysis of the ground acceleration and ne dynamics of the 
—- the conclusion is that the floor slab should show a dominant period } 


f approximately 0. 347 sec a peak acceleration of g. 


RESULTS | 


In Fig. 11 is shown record obtained from ‘the floor: 


during the blast. 


£44" 


ar .347 sec calculated 


evidence of * least two periods, there is a dominant period and its magnitude — 


_ cheeks satisfactorily with the computed one. The peak acceleration is also 


seen to be very close to the 0.1 g computed from the blast spectrum. It may on 
thus be concluded from this satisfactory agreement between the computed __ 


and the measured motions that the main factors of engineering significance = 
have been retained in the model even though many | simplifications have been — ker 


oe Although for the building o of the present test tests the natural periods could be 
computed with reasonable accuracy, it would expected ‘that for some 
applications more accurate values of the periods than can readily be computed 
be required. These more accurate values would probably best 


_*“A Dynamic Test of a Four-Story Reinforced Concrete Building,” by J. L. Alford and George W, 7 a 
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structural damping w: was not of critical importance ii in the test, this 
to a certain extent fortuitous; in general, damping would be expected to have | 
wen an important effect ‘on the response of a structure to dynamic loads. It was: 
Se thus decided that, as an additional check and to provide a direct comparison Be 
of transient and steady-state response, vibration tests of the building should 
+ _ The vibration exciter used as the source of an alternating: sinusoidal force a 
was 4 —— unbalanced-mass machine borrowed from the Coast 


. 12. —Vinnarion Excrren Posrrion 
ces & 
total force, in pounds, given by the expression, 


speed of — ~The unit driven by a varia 
speed, direct current motor which permitted a close of and 


ae oriented so oa the horizontal force was parallel to the s short side of the tall 


“aa should be noted that there is a fundamental difference i in the behavior 


— obtained by a 
= 


response to the ground motion. a Referring to Fig. 13(a) it will be seen that the 
ground motion (as previously stated) excites primarily the motion of the two 
Beene in the same direction. _ The vibration exciter applies a force to just — 
- one mass of the system (Fig. 13(b)) and hence tends to excite the motion in 
_ which the two masses move in opposite directions. Thus, the resonant period | 
_ excited _ by the shaking machine will be the shorter period whereas the period | 
chiefly excited by the ground motion is the longer period. Because the 
- coupling spring ‘between the two masses is very soft as compared to the two — 
cantilever springs, the second mass, which corresponds to the low part of the 7 
building, « can be assumed to have no effect on the system for the opposite — 
- motion of the masses. Thus, for the vibration tests the tall part of the building p 


be be considered as an independent 


@ound 


acceleration =a 
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(6) MECHANICAL- OSCILLATOR Test (a) LATERAL MOTION (8). TORSIONAL MOTION: 

‘Fig. 13.—Compartson or Grounp 


_ There is one more difficulty to be encountered before the experimental — 

Tesults can be interpreted. The mechanical exciter unit was 


- depended on the rotational speed, for low speeds the force was insufficient 
to give a measurable motion to the building. This difficulty was avoided by 
noting that the torsional vibration of the floor slab had a period which cor- 
__ Tesponded to a sufficiently high exciter speed so that usable records could be 
_ obtained. Because there is a relatively simple relationship between the period 4 
of the torsional vibration and that of _ desired lateral vibration, the lateral | 
In Fig. 14 are shown the motions heahaieibdiiids to the torsional and the 7 
lateral vibrations. — Considering the floor slab as a uniform rectangular slab of Z 
 emtein thickness, the relationship between these torsional and lateral periods — 


Lateral period = (torsional pected) 


symbols, a and b, are defined i in Fig. 14. 


4 
— 
q | 
— 
a 


- position. A second accelerometer: s was mounted at the edge of the floor slab 
25 ft f from. the | first, and recording of the acceler- 


a) 
‘The vibration exciter was located a sufficient distance from the center of the (3 
so that torsional ‘motions of the slab could be 


in terms of gx 10° 
» 


ion, 


cceler 


ype] 


w bed dels yoo! oda le Goiteidiy sed! 
Fig. 15, the senulta of the m test may be seen in the form of 
resonance curve, in which the amplitudes of the building accelerations a. 
plotted versus the exciting frequency (the reciprocal of the period). It wih 
bes seen that the resonant period is 1/5.23 cycles per sec = 0.191 sec. This “a 
4 the period of the torsional motion, and the desired lateral period can be com- — + 
Lateral period = (0.1 -191) 
‘This value of 0.289 sec should aoa directly with the period of 0. 278 


— 
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STRUCTURAL VIBRATIONS 
approximately 4% indicates. the order of accuracy to be expected in in work of 


he resonance curve of Fig. 15 is sufficiently well defined so Nias o alue 

of the equivalent viscous damping can be determined by measuring its width. 
Because the lower frequencies can be more accurately measured from the 7 

record than the higher ones, the rising part of the resonance | ‘curve was used 


for this determination. a If Awis the width of the resonance c curve at anamplitude 


 Yape times the resonant amplitude, it can be shown that, for small damping a 


M4 of the > magnitude existing 1 in the the present test, the fraction of critical 1 dampi ig is 


in which w is the resonant For ais resonance curve 15, this 
gives a value of 1 n = = 034. o} edt to. row BIG 


dotted curve of Fig. 15 i isa computed acceleration resonance curve for a 
_ simple spring-mass system. It is plotted from the equation, tot aifvads Seagal 
on alt baa voulew gailasud ods je ton bib 

Acceleration 


in) which the two unknown constants, K’ and w,, are determined from the 


experimentally obtained damping and resonant frequency. _ It will be seen 
ct that the building does behave e essentially like a simple system ai as far as this Re 


type of motion is concerned. bye om 
__. The value of equivalent viscous damping thus shiaieedl | is, of course, only 
an approximate | one. . The actual damping» in | the structure is not a viscous 

type | dissipation, and, in addition, the resonance curve of Fig. 15 does not 

represent motion in a pure normal mode. It is believed, however, that the 

damping value obtained is useful for comparison with similar tests as 

for estimating the energy losses involved in such structural vibrations. 


__ Referring to Fig. 14 it will be seen that the same structural members and — 
the same structural deformations are involved in both the lateral and q 


torsional ‘motions. ‘The only difference i is that i in the lateral motion the 
end frame structures move together whereas in the torsional motion they mov 


_ in opposite directions. The same value of damping, experimentally determined 
a for the torsional motion, would 1 thus also apply tot the lateral 1 motions. 
low value “of "damping determined from the present tests (3. 4%) 


shows that large dynamic amplification effects are possible in structures of this 
type. For this value of damping the amplification 
at resonance is approximately — 15. ‘This v of 3.4% damping may be 

compared with a value of 7% obtained for a elitecdad concrete building ‘ia q 
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comparing the of ‘the blast and the 1 vibration tests: it is well 
ait in mind that the amplitud:s of the motions in the two tests were quite 
different: and for some applications this “might affect the comparison in in 
— way. _ Although accelerations as high as 0.1 g occurred in the blast 
tests, the maximum accelerations during the vibration tests were of the order 
of 0.005 This difference in acceleration : amplitude level could have two 
- distinctly different effects on the results. In the first place the damping i in the : ' 


Be sina on the spectrum curve of Fig. 8 this could lead to different results. 

A second effect which might be caused by the large motions is the introduction — 
a of nonlinear effects. If the structure were loaded to the point where some 7 ; 
_ plastic yielding or buckling of compression members were to occur, the non- a 

4 linear of the restoring force would result i in an lower natural 
_ With this thought in 
‘ mind, ‘computations were made of the forces acting in sae structure and 2. 


_ were stressed into the plastic region. lt was fortunate that for this } particular — 
_ test neither of these amplitude effects operated to change conditions between 
large and small amplitudes, and hence good agreement was obtained. 

1% 
One other possible source of difficulty in comparing vibration in 
- a general with ground motion tests remains to be mentioned. ‘The behavior of a 


pe aa structure under the action of ground motions may be quite different from that 7 
caused by a concentrated exciter force acting at one point. Because many 
. i arta tests have been made on buildings with the idea of determining — q 
> building response to earthquakes, it should be emphasized that the earthquake Pip 
ground motion might excite motions and periods in a ‘different way from a 
_ force applied at a single point in the structure. This has been a troublesome 
_ problem in ‘similar vibration tests of aircraft structures in which it has been 
found that a number of vibration exciters located at various points throughout — 
F the structure, and operated simultaneously with the proper phase relationships, 


are necessary to excite properly the various wing and fuselage motions. 


The agreement between the ‘computed and building responses. 


believed to be accurate enough for engineering application. It thus oat 
that it often be possible to replace complex structures by simplified 

dynamic models that will retain the major features of engineering significance. — 7 
ne 

‘The difficulty ‘of computing the response of buildings to dynamic loads is , 4 
d consequence of the complexity of most actual structures and of the met 
rather than of any incompleteness or incorrectness | of the dynamical 


stem for the Excitation of Pure Natural Modes of Complies by R. Lewis 
Wrisley, Journal of the Aeronautical November, 1950, p. 705. 


to 
ap 
=~ 
— — pe 
an 
te 
did not approach the buckling values and that no significant structural members | 
all 
7 
ge ee e. _ physical principles and do not require the inclusion of any empirical factors. — et 
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; ‘portance to know that a rational method of analysis exists which van be 7 
applied to to many structures and which le leads to realistic results. esults. - : 


— 


‘Thanks are due the Minnesota Mining - and Manufacturing eae for . 
_ permission to make the tests, and particularly R. E. | Gundlach, regional a 


‘Manager, and G. J. 1 LaVenture, production superintendent of the C Corona 
i. - quarry, for their very helpful ‘cooperation. W. K. Cloud of the Coast and 


_ Geodetic Survey made arrangements for the use of the vibration exciter, and the a 


q - Office of Naval Research cooperated in a 0 financial support of the work. 
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| INELA \STIC BUCKLING 3 OF NONUNIFORM _ 


JOHN EL _M. ASCE, JOHN L. 


numerical procedure is presented for ‘the critica loads for 


- nonuniform pin-ended columns in the elastic or inelastic range. The procedure | 


_ is based on transformation of the differential equation to an integral equation Pe 
which is solved numerically for trial values of the critical load. 


 ‘Tfan initially pin-ended column is to a slowly i increasing 


- axial load, the column will buckle when the load exceeds the value of P corre- 


a sponding to the first eigenvalue‘ of the following differential equation® (together 7 


with appropriate boundary conditions) : be Sal Vie, 


polity 
ground | 


_ in which E = E,(z, P) is the tangent modulus; J = I(x) denotes the moment _ 


= inertia of the cross sectiog ; P represents the asial load; x denotes the long 
tudinal coordinate; and y is the lateral deflection, 
bol Eq. 1 merely states that in ‘some > particular configuration, y= = y(z), which — 4 


load has been slowly to the critical load. Taking the bending 

Nore. —Published, essentially as printed here, in April, 1956, as Proceedings Paper 943. Positions 
an and titles given are those in effect when the paper was approved for for publication in Transactions. rc Sas 


Bice 1 Prof. of Structural Eng., Purdue Univ., Lafayette, Ind. on 
fg of the 


2 Prof. of Eng. Science, Purdue Univ., Lafayette, Ind. _ — 
* Prof. of Aeronautical Eng., Purdue Univ., Lafayette,Ind. 
_4“Advanced Calculus for Engineers,” by F. B. Hildebrand, Prentice-Hall, New York, N. 
¥. ‘Buckling Strength of Metal Structures,” by Friedrich Bleich, MeGraw- Hil Book Co., New York, a i, a 
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INELASTIC BUCKLING 


ant and equating this expression to the applied moment, P y, leads to Eq. i a 


i. For the case of a pin- -ended column, the boundary conditions may be 


78 vie 
th. 


ot 


| 


— 


rms of a nondimen- 7 


sional independent variable, 4 ‘tal 


dtin nome ey sada brook hot 
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INELASTIC BUCKLING 
— _ Eq. 5a is readily transformed to an iia equation by substituting a ne 


anew 


dependent variable, Y(s), , for the second derivative of , 80 that 


Poe ” dy 
finally, 
Ye) dt — Cie — Cs. 
is | observed be 


4 The substitution of Eqs. 6a and 6c into Eq. 5a ne yields the the following, 


olterra in equation of the second kind, 


0 


YORU+ |] Cis 


=0 which, of ¢ course, agrees 


a subsoquentiy for any value of P. The values of P associated er 
: “4 solutions satisfying the boundary condition (Eq. 76) represent estimates of 
critical loads corresponding to the various modes of buckling of the column. i 

"The lowest of these values of P eae are greater than zero is the critical load 


valu lue of P, Eq. 7 a represents an initial value 


method eee range of integration (0, 1) is divided in n equal segments with 


boundary and division points located at 80, 81, 82, ore eet and 8, . The points, 


and s,, correspond to the ends of the column. The length of each segment i is 
=1/n. the jth division point, Y(s) takes on the approximate value, Y;. ; 


ation n of the pa integrals of Eq. 7a. a If the column i is divided into a 


_ sufficient number of segments, the assumption that Y(¢) varies ay over 


each segment will give good results. 


4 , Assuming linear variation over r each segment, tien approximate form of 


¥ re) for integration in Eq. 7a takes on the pelggenal « character indicated i in 


q 
J 
4 
 * 
af 
From Eq. 7a it is found that Eq. 5d. | | 

1 
owl 
a 
\ > 
= 
it 
sil. 


Fig. har With this his assumption, it is s easily | seen een that ben of 
hailey’ (ads dona wit sift | haa 

a bat 
J, a = wa: te 
doyle 7 6 + Y j|- - (8b) 
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th APPROXIMATION FOR Y(s) 


o Substituting Eqs. 8 in Eq. 7a, collecting terms in Y;, vad making ut use of the ; 


ifs vd od bank des lo aulev 
which may be ritten a as noidnahai Yo onl 


‘that the solution must be near i inC,. Consequently, for the present purposes, 7 


it suffices to select any convenient value, such as unity, f “— 


The following procedure, which essentially a trial- ~and-error method, is 


suggested for the determination of the critical load of a nonuniform column: . 


aad Divide the column into n n equal segments ; and tabulate area’ (A) and 
_ Moment of inertia (J) at each division point and at the terminal point. a 
Select a trial value of the load (P) 


| 
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a 
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3. pay wed the average stress at each division point ‘end at the terminal 3 


expression for the curve. 
ae Using the the f followi ing —. 


compute y, n) either methods or 
ae 7 Y, is found to be zero al and if Y; has the same algebraic sign throughout, 
- the trial load which has been used is a critical load corresponding to the lowest FF 
modeofbuckling, 


«sf Y,, is not zero or approximately zero, a new trial value of P should be. 


selected on 2 to 5 repeated. If Y changes sign before the end point, 


4 “column, ? Consequently, for the next trial, a lesser value of P should be used. : 
Com ersely, if Y does not change sign within the column, this corresponds to. 
of a somewhat longer column and, a larger value of 


is, of ‘course, u unlikely that the boundary at 8, will be 


- the first trial. _ Because a second trial will be necessary it is desirable to be 
use the results of the previous computation a as a guide in selecting a new trial a 
-value of the axial load. By ae or extrapolation, the approximate = 


value | of the critical load ‘may be obtained by the followi ing g device. Let — 
- be the distance of this inflection point from Su being peules if the inflection 


nd value to be as second trial | may be taken 
& 


length, assuming that the average tangent modulus does not change greatly, 


& 


4 


@ 


— = 
“Sn _ The tangent modulus may be determined from a tangent modulus curve | 
tt mew he determined by means of an analytical 

ow 

n estimate of the correction to e trial a 
2 

| 


in which the bars over E, and I indicate pr perties having the character of 


the additional terms ‘enter inte 0 the taal differential of of 126 can be 

computed readily (that is, the terms. involving the differentials 3 of the 

tangent modulus and the moment of inertia), a more refined expression for the 

- correction to the previous trial value may be obtained. _ However, it is doubtful — 
whether under « ordinary circumstances too much ‘effort a at this point is justified ; 


‘TABLE 1 —CoMPUurTATIONS FOR 


| 


—0.01031 J —0.020 0.0423, 1.0078 
—0.00401 .09; 0082 —0, 0172 1 


01946 0.0972 1.0472 


Y, for — for Y, =0 interpolated 

0.01193 | 001268 0.00016 
0.01081 0.014030 | 0.00016 


considering that the final result probably will be obtained by interpolation. 


Because Eq. 10 is ; generally not the total differential of Eq. 12, this equation | > 
“should be used only as a means of estimating a correction. ” The final result is — 


obtained by interpolation or extrapolation from trial results which are 
"reasonably well converged. bag at ce 


Let the 


A variation of Eq. 9b is sometimes convenient for computation. 


at some station, such as 8, , be selected as a value and 
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1) 


mts 


“Uniform Bar in the ‘Elastic Range. —This example is included 

4 merely to establish the potentialities of the method with respect to accuracy. — 


to 


Second trials were made with = 95. 


each case the correction formula of Eq. 13b was also applied to obtain a value a 
could be taken, if desired, for a subsequent trial. Linear it interpolation 
_ or extrapolation was used to ‘determine As, realizing, of course, that this is 
increasingly inaccurate as n decreases and that a second-order difference ex- 
_ pansion should be used for better results. Starting with p2 for » for ns and using 
a. extrapolation based on second differences to compute As gives a corrected value 
of p of 1.018 instead of 1.0472 as shown for linear extrapolation. => 
An alternate procedure w which consists merely of interpolating between Pr 
: ad andj Pp» to find the value of p at which Y,, vanishes was also used. _ These inter- j 
 polated values were taken as a on trial value, and the computations were 


Eoomple 2. Column with Varying Thickness. —A 1-in.-w vide, ‘eolid | 
rt os a having a thickness varying linearly from 1 in. to 0. 5 in. and a length of fe 


— 
Euler load; hence, p: = 1. 
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considered. - Values of the tangent ‘modulus are taken from Fig. 2, 
im which odenotesP/A. The computations are shown in Table 2 with n= 10. 
A first trial was made using P = - 50,000 Ib and yielded Y, = — 1.603 as 
compared with a maximum value of Y equal to7.48. This indicates that the trial 
value of P was too large. Using a rough curve of the values of Ys, Yo, and Yn 7. 
i lieu of an interpolation formula, the point of inflection was found to be - 
approximately 0.1 of one segment above the bottom. Hence, As may 
taken as —0.01, and by Eq. 13b, AP = 2(50,000)(—0.01) = —1,000 lb. It is 
realized, however, that the s apparent precision is misleading. » Nevertheless, the 
- ‘kndlented correction was applied and the process repeated with P=. 49,000 Ib. 
It is seen that, for P = 49,000 lb, Y, = 0.488. Interpolating between = 
this result and the result for P = 50 000 Ib gives a final critical load of 49,233 lb. i 


Numerous methods 7 exist for transforming Eq. into a set of linear alge- 


braic equations. — In the foregoing, linear interpolation has been used with 
_ to each segment. - ‘This has led to a simple formula, Eq. 9b, for con- 
structing a set of algebraic equations whose coefficients form a triangular 
RB enanen hence, these equations are easily solved. it may | be e observed that if a 
greater number of stations are taken in order to | improve accuracy—Ww hich n may 
_ be justified particularly for irregular columns—the labor increases only propor- 
_ tionately and not as a higher power of the order of the matrix eee ey Seay 
“a Rather than the linear interpolation which has been employed, it is clearly 
“" possible to use parabolic, cubic, or higher order interpolation formulas. > This | 
_ would require the simultesinond solution of the final equations by pairs in the 
_ case of the parabolic formula, by threes i 5 in | the case of the cubic formula, and 
: af soon. Analternate procedure ¥ which retains the triangular: nature of the system ~ 
4 of equations and yet ‘provides generally improved accuracy may be obtained , 
by using single-step, forward-integration based on any desired degree o 
polynomial. Ultimately, one may construct an interpolating p. polynomial ‘of 
the Lagrange type which covers all division points on the column. Such > 
_ methods tend to lose the computational simplicity of Eq. 9b, and it is perhaps" I 
a preferable to use 1 the linear 1 method with a larger number of stations if greater 


The method which has been presented may be extended to the case of 


Different arbitrary 
4 constants of integration will exist for each part, but relationships between a i 
_ may be obtained from the continuity conditions ateach step.  —™S 


pplication of Volterra to the Numerical Solution of Beam Vibration 
Problems, L. Bogdanoff, J Goldberg, and Hsu in Proceedings Ist ecu Conference on es 
Solid Urbana, April, 1953, pp. 81-88. 
plication of Volterra Linear Integral to the Numerical Solution o of Vibration Problems 

b L, J. E. Goldberg, and Hsu Lo, Journal Sciences, Vol. 21, 1954, 
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ACTION OF SOFT CLAY ALONG pnd 


‘James D. on RALPH B. AND DH. Bouton 

- Data are presented herein on the increase in supporting capacity of a pipe 
pile with the passage of time, the distribution of applied loads along the pile, i 
and the pore-water pressures developed in the soil adjacent to the pile when > 
_ driven into soft, saturated clay. Soil test data are interpreted to determine ra 

| the effect of pile driving on the clay and the resistance of the clay to movement __ 

of the pile. A procedure is presented for using the results of vane shear tests _ 


to determine the relationship between load and settlement for a pile driven 


piles” derive a a major part of their supporting capacity from skin 
friction. _ Dynamic formulas have proved to be of limited value for determining 
supporting capacity of such piles, whereas static formulas appear to hold 
the most promise for the development of rational design procedures. ig However, . 
improvements in design methods are restricted by the limited available 
_ knowledge of the mechanics of the interaction between piles and soil. There - 
is presented herein an investigation which attempts to further the under- 
‘standing of the action of soil along the sides of friction piles, 
om Several 6-in.-diameter pipe piles from 20 ft to 22 ft long were driven a 


ia 


— 


pproximately 15 ft into” a stratum of soft, saturated clay. Electric strain i. 


gages were installed on one pile to measure the distribution of load and pressure 
along the pile. This pile was test-loaded soon after driving and a number of 
ling Nore.—Published, essentially as printed here, in December, 1955, as Proceedings Paper 842. Positions 


_and titles given are those in effect when the paper or discussion was approved for publication in Transactions. — 
Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif, 


Asst. Prof. of Civ. Eng., Univ. of Texas, Austin, Tex. ihe 
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times thereafter. Load-distribution curves were obtained for cma loads, “ 
including the ultimate load, for each test loading. Total pressures and 
- Pore-water pressures, caused by the a action of the soil against the pile wall, 
were measured at several points along the pile length | during the pile « drivi ing vi 

during the test period. 

™ _ Several borings were made in the test area, and undisturbed soil samples. 4 


ere obtained. Soil tests were made to establish the relationships between _ 
strength an and water content for (a) clay unaffected by pile driving, (b) clay 


be been in 30 days. The soil test results were interpeoted to determine 


me 


instrumented pile 


stone 


with sand 
Silty clay 


sandy clay 
.) 


Dark organic silty clay 120 


containing shells 

Liquid limit = 41.5 

Plas Plastic limit = 23. 

bas 2-1 day after driving | wats 


0.168 }- 3-3 days after drivin 
nat 4-7 days after driving 


baot ins days after driving 
9,192 6-23 days after driving 
7 —33 days after driving 
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the effect of pile driving on the olay and the resistance rot the clay to movement - 


Een In addition, a series of vane » shear tests were made on the clay, and a 
procedure was developed for using the results of these tests to determine the 
4 load-settlement relationship for a a pile driven into the clay. The load-settle-_ 

_ ment curve obtained in this \ way was compared with the ‘results of load tests, 
* and suggestions were made for the practical use of this procedure. oar : 
were conducted at a site te to the San 
- Bay Bridge on the east side of San Francisco Bay in California. The soil 
- conditions at this site (Fig. 1) consisted of 4 ft of fill, 5 ft of sandy clay, and 7 : 


layer | of organic silty clay containing shells (known locally as “bay” mud” 
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FRICTION PILES 


This. site was 1s chosen af ter extensive field tests had an 
in the area to be relatively uniform. lowes $e oliq lo 


_ The piles used in the investigation w were made from 6-in. -diameter, spiral- 
welded steel pipe, No. 14 gage, and were fitted with conical driving points. 
One of the piles was cut lengthwise along a diameter so that the gages od 

5 be installed on the inside. The load- -measuring system. was made by cementing — a 
_ §R-4 gages directly to the pile wall; the pressure gages have been described | 
am In order to eliminate the effects of the upper 9 ft of nonhomogeneous soil 
on the supporting rater of the pile, a 12-in.-diameter casing was installed — 
to a depth of 9 ft, and the soil inside the casing was removed. _ The pile was — 
then lowered to the surface of the clay at the bottom of the c casing : and driven A 
into the clay using a 150-lb drop hammer; this arrangment of the casing is . 
shown in Fig. 1. Several gages were damaged when the pile was driven, but 
. sufficient | number of gages remained i intact so that data on load Spin 
a pressures against the pile wall were successfully obtained. ee 7S 4 
_ After the pile was driven to position, large changes were found to be taking .. 
oe in the pressures at the pile wall. . These pressures were read as rapidly — 
as possible, and at the same time the loading apparatus was being prepared 
for the first load test. It was assumed that pile loading would affect the © 
pressure measurements, it was hoped that this effect would be small if the 
pile settlement was kept to a minimum, Readings during the 


q 


- 


The first load test was was begun 3 hr after driving the 
load test was begun 21 hr after driving was completed ; and subsequent tests 
were run ‘on the same pile at times suggested by the results. obtained. These 
times were approximately 3, 7, 14, 23, and 33 days after driving was completed. 
_ The pile was loaded in increments of from 500 lb to 1,000 lb for the first 
few loads, and the increments were decreased as the ultimate ‘supporting — = 


capacity of the pile was approached. ll the load-measuring gages were read ~ 
after the application of each load increment, except at loads near failure in r: 


several of the tests. The pressure gages were read usually after every second y o= 


Pile settlement during loading was measured by | two. dial gages, each | 
7 reading to 0.001 in. These dial gages were on opposite sides of the top of the a 
pile, and their readings v were “averaged to obtai n the settlement. 
settlement curves were plotted as the test progressed, and loading was stopped a 
the settlement increased markedly with a small increase in load. \ 


§*Pressure Distribution Along Friction L. C. Reese and H. B. Seed, Proceedings, A.S.T. M:, 


| which extended to at least 30 ft below the ground surface. The ground-water #§ (_ 
at 
. 
| 
a 
| 
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id ‘The load-settlement curves for the seven load tests are shown in Fig. i 
Ite was decided to consider the maximum load which the pile could support, 

without continuous deformation during a loading, as a measure of the bearing x 
capacity of the pile at that Therefore, because ‘it was desired to keep 


a crements as the ultimate load was approached. Most of the curves indicate 7 
that loading was stopped as soon as the ultimate load was reached. tin way 

For the first three loadings (Fig. 2) the settlement dials were read at zero 

load. In subsequent loadings, however, it was found more convenient to 

take the the first settlement reading after a small seating load had been applied — 

because | of the Sifficulty in placing te gages before the loading 7 

yodling In practice, a load test is considered to be the best method of determining — - 


a friction pile, and the load-settlement curve is” 


_ interpreted, in some way, to siiieesien the safe load which can be carried by 
the vai. ore load-settlement curves obtained from these tests and many 


om 


(Per 


- 
100 «4300 «69400 600 700 


Fic 3. —Incnsass tn Uutmate Bearine Capacity Time 


others which have been obtained | for friction piles have a characteristic shape: 
An initial part which is straight or slightly curved, a sharply curved transition 
part, and a final part which shows increasing settlement for no increase in _ 
load. . The unloading curve is roughly parallel to the initial part of the loading — 
The safe load is usually taken as some proportion of the ultimate 4 
~ load, ae as the load corresponding to some limiting value of the settlement. _ 
the loading procedure used in this project differed from | that r recommended 
= by: most authorities in that the time between load increments was quite » short. — 
Therefore, i it can be expected that the shape of the load-settlement « curves will * 
‘differ fi from those which are usually obtained for a friction pile. Using the 
_ recommended procedure there would have been a more gradual transition 
between the initial and final parts of the curve. 
was anticipated that there would be an increase in the supporting 
- capacity of the pile with the passing of time, but the n magnitude of the increase _ 
(Fig. 3) was surprising. The ultimate load for the final test was 5.4 times the 
initial ultimate load. _ The factor would have been greater had it been possible 
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FRICTION PILES 
be to determine the static bearing capacity of the pile immediately after driving, 

4 hr after driving. About 88% of the increase in the supporting — 
capacity occurred i in 8 days; the remaining 12% increase occurred during the © 
th change in strain-indicator readings for each load-measuring gage was 
‘multiplied by the appropriate calibration factor to obtain the load at each — 

- gage point. Measurements on opposite sides of the pile were averaged to a 
i - obtain the load at each gage depth. A typical set of load-distribution curves, 
as measured during a test, is shown i in Fig. 4(a). The dashed curve is an 
estimate of the load distribution which existed at the failure load. The load — 
distribution could not be be measured accurately at this stage because the — 
Lae anivinh olig ada ly add base 
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AT FAILURE IN 
EACH LOAD TEST | 
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was settling and there was not enough time to obtain gage 
_ while maintaining the low values of pile settlement desired. Fig. 4(5) shows 7 
- the load-distribution curves at the failure load for each of the load tests. 
The mechanics of the resistance of soil to the downward movement. ofa a 2 
friction pile is illustrated in Fig. 5. If the pile were completely rigid, all 
points in the pile would move downward equally, and the soil deformation 
accompanying this downward movement would result in the development 
_ of shearing stresses in the soil. The shear stresses in the soil would cause the 
load in the pile to decrease with depth. a However, because piles are not com- 7 
- pletely rigid, the observed settlement of the top p of the pile exceeds the dow n- a 
ward movement of the pile tip by a distance equal to the elastic compression — 
of the pile, and, because the shear resistance of the soil around the pile—which ~ 


on the pegpitude of the shear deformation— 
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FRICTION ‘PILES: 
pile to decrease with depth, t the actual movements of points on on the pile wall 
increase with their distances from the giles 
_ It follows, therefore, that the distribution of load along a friction pile is 
: fms with the relative stiffnesses o of the pile and the surrounding soil. 7 
Because the soil will invariably deform more e readily than the pile, it is difficult — 
to imagine a practical case in which there would be no load transmitted to the © 
 s pile tip. It will be seen (Fig. 4) that in these tests approximately 90% of the 
_ applied load was transferred to the soil by shaft resistance, e, and the: remaining 
__ The load-distribution curves (Fig. 4) show that little load was removed > 
r _ by the top 3 ft of soil surrounding the pile. It is possible that this soil was 
_ displaced by the vibration of the pile during driving and that the overburden | Da 
pressure was insufficient to cause bond to develop. Unfortunately not enough — 
4 data om obtained from the pressure gages near the top of the pile to determine . 
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int Observed settlement = downward 


movement of piletip+ 
“elastic compression of length AC pile =" 


S=sounding 


_@ V-=vane shear 


Deformation = downward 
+ movement of pile tip + elastic 
— Downward movement ot pile tip 
‘Compressed so soil 


“Fr. 5.—Som Resistance To 1.4 bane Fira. 6.—Location or Fre.p Tests 


r Knowing the distribution of an an applied load along a friction pile and the 
corresponding downward movement of the of the pile, the following 


ea 1. The rate of load transfer from pile to soil or the shearing resistance of 


the soil around the pile. At any point along the pile this is equal to the slope 7 

of the load-distribution curve divided by the circumference of the pile, nt 
a 2. The elastic compression of the pile from the top to any section along © 
‘ its length. This can be obtained by dividing the area under the load-distribu- 

- tion curve (to that section) by the area of the pile and the modulus of elasticity 

_ of the pile material. _ The elastic compression can then be subtracted from the 
_ observed pile settlement to obtain the movement of the pile at the section 


Thus, the shear resistance and the corresponding shear deformation of the 


soil around a pile at any the pile can be determined. The fa 


: 
Ag 
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such deformation can be obtained from load- curves suggests 
the possibility that shear resistance-deformation curves obtained from soil — ro 
shear tests might be used to to determine lo load-distribution curves” and load- 
settlement curves for friction piles; a procedure | for determining g such curves — 
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o Soil unattected by driving, borings } 1, 2, and 3 q 
° Remolded soil 
4 Soil | next to pile 1 day after driving, boring § 5 


© Soil } next to pile 30 days after driving, 7 


Natural water content, in 2 Unconfined compressive strength, in kg per sq cm ¥ : 
7.—Resvuits or Som Tzsts (tae Numper To THE Sipe or Some or THe Ports Is To 
Bg Appep ALGEBRAICALLY To OsTaIn Water CoNnTENT OF Part or SAMPLE — 


OF ‘Som, Tzsts 
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— Tests.—The properties of the undisturbed soil 
by a comprehensive series of tests on samples taken with a piston- type sampler 
in seamless steel tubes, 30 in. long and 2.87 in. in diameter. Three borings — 
(Fig. 6) were made in the vicinity of the field work, and samples were taken 

continuously as as possible. Unconfined- -compression tests v were performe 
on 23 samples, and tests were performed on 5 samples. 
addition, 13 unconfined-compression tests and 3 consolidation — tests were 


‘performed on on remolded samples of the soil. 
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‘FRICTION PILES 
# = The average of several determinations of the unit weight of the undisturbed | 
silty clay was 112 lb per cu ft, and a liquid limit of 41.5 and a plastic limit of — 
23.5 were obtained as average values for the Atterberg limits. The results of 


the unconfined-compression tests on undisturbed - ‘and remolded samples are 
shown in Fig. 7. . In these tests, most net the undisturbed failed 


Compression it ind 
= 


2.1 X 


- i * The first hues represents the boring; represent the ‘depth, io ‘in inches, to 


of the ‘specimens was about 2. It was intended to trim the 2.87-in. pon or 

‘ samples to 1.4-in.-diameter specimens for the unconfined-co! -~compression 

_ but the presence of shells in almost all the samples prevented trimming. Tt 

was difficult: to find samples sufficiently free of shells: for the preparation | of 

consolidation-test specimens. The results of the consolidation tests 

- summarized in Table 1, and typical results for both undisturbed and remolded 


soil samples are e plotted i in 8(a). 


jwatercontent | 
natural of undisturbed soil at 
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test data 


(a) CONSOLIDATION Test) STRESS ano! Strength of remolded, 
REMOLDED SOIL 0 sample 


later con 


t. Each of the reconsolidated samples provided four specimens, each 14 in. 


in | diameter and 4 in . high, on W hich unconfined-compression | tests and water- 


_ content determinations were made. The results of these tests are on 


dition to these large of were 
tte ‘under | pressures of i ton per sq ft, 2 tons per sq ft, and 4 tons per -_ 


al 
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‘TABLE 1.—Summary OF RESULTS OF Consouipation Tests 
. 
—_ («| an 
| 1 
4 
— 
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In order to determine the | effects of pile the soil adincent to 
driven pile, additional piles (numbers 3 and 4 in Fig. 6) were driven and 

samples were taken next to the piles. - Boring 5 5 was made e alongside a pile © 

- which had been in place for a . period of 1 day; borings. 4, 4A, and 6 were made 
alongside piles which had been in place for about 30 days. Unconfined- 
compression tests were performed on the samples obtained, and w: water-content — 
determinations were made on specimens from the side of the sam samples prone ner 


TABLE —SUMMARY oF RESULTS OF UNcONFINED-COMPRESSION 


shiv. al a. Tests on RECONSOLIDATED SAMPLES 


Consoutpation Pressure, m Tons PER Square Foor 
compression — compression compression 
strength, in strength, in Water 


‘per square percentage per square percentage per square percentage 


ig | | 


the pile wall and on specimens from the side of the samples farthest from the 
pile wall. The results of these tests are shown in Fig. 7, with the change in 
water content across the specimen designated in the figure. 
results of call the unconfined-compress ssion tests are. summarized in 
Table 3. Because at any particular time the unconfined-compression strength — 


be with depth, average values were 


strength, in | 


il vans orings strength, in kilograms” 
Unaffected by drivin 
Next to pile, 1 day a ioral 


Next to pile, 30 days after driving 6 


to determine the change i in strength with time. Th: will bes seen that the 
average unconfined-compression strength of the soil adjacent to a pile changed 
ee from an initial value of 0.24 kg per sq em before driving to 0.32 kg per sq em ZZ 
1 day after driving, and finally to 0.36 kg per sq cm 30 days after driving. 
"These increases in strength are accompanied by corresponding decreases in 


water content from an initial value of from 48 1% to 43.6% after 1 day and 
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ercentage of shells, ro ed on the dry weight of solids excluding shells _ 
in the test specimens, ranged from 0% to 17%, the 
‘ average being about 7%. | Some of the shells were more than an inch wide. 
Approximately 14% of the moisture samples were entirely free of shells. 


- Disturbance of the soil as a result of sampling w was probably greater for those — 
samples which contained shells than for those relatively free from shells. — 
_ However, examination of the data failed to indicate a decrease i in unconfined- bi 
compressive strength with an increase in ‘shell content. 
a Field Tests. —In place nee tests were made on the am clay prior to ile 


= 5 in. high, and the rate of dado we was s 10° 
these tests are in Fig. 9. 
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Movement of outer edge of vane, in inches 
Fie. 9.—Resvutts oF Vane SHEAR 


thes shear strengths determined b by 1 the vane tests were conan higher 
those indicated by the unconfined-compression tests. difference 
in strengths is probably caused by the presence of shells in the soil which _ 


_ appeared to have a marked effect on the vane shear strengths. eee 


7 “9 _ A 6-in.-diameter hand auger Ww was used to advance a hole to within 2 ft of 
the depth at which the vane test was to be run. The vane device was then 
pushed or driven into position. Int those instances where it could be pushed — 


into p position the shear strength was much low er than when. the device had to 7 


be driven down. After the vane device had been withdraw n, the hand-auger 


"3 
— 
( 
— 
r? 
| 
in the soil. Two series of vane shear tests were made and = 


the stress-deformation characteristics of the silty clay were determined at 
= intervals of 2 ft of depth. _ The results shown in Fig. 8(b) are those exhibiting — 
the lowest shear strength at any particular depth, and therefore are probably — 
those least affected by the ‘presence ofshells, 


_ Errect oF Pitre Drivine on Soin 
OOD Th 


_-W.S. Housel and J. R. Burkey,‘ Members, ASCE, and A. E. loieeamniele 


G0. Kerkhoff, and R. B. Peck,® M. ASCE, have presented papers on the © 
effect of pile driving on soil properties. 4 Philip C. Rutledge, * M. ASCE, was 
to show a reasonable quantitative interpretation of the data of Messrs. 


Cummings, Kerkhoff, and Peck based on the statement: or 


“Previous work": §) has shown that on a semilogarithmic plot of test data 
_ for saturated natural clay, the compressive strength-water content relation — 
is a curve parallel to the virgin (or essentially straight-line) part of the — 


Ls 


Such a plot i is shown in Fig 800). The -consolidation- test data are those 
btained from a 
suggested by Mr. Rutledge. Points A, C, iD, and E were aye by 
tests as cited previously. Point A represents the average unconfined- com- 
pression strength of undisturbed | samples, and point C shows the effect of 
remolding at no change in water content. _ Points D and E show results of 


unconfined-compression tests and water-content determinations on 
which had been ta taken next to piles installed 1 day and 1 1 month, ‘respectively. 
Line C-F represents the compressive strength- water content relationship for 
reconsolidated remolded clay and was drawn from point C through anaverage 
of 3 points determined by experiment. It will be seen that line 
nearly” parallel to the: virgin part of the consolidation-test ¢ curve. 
_ The condition of the clay prior to pile driving is shown at pint a 
- drawing § a dotted line parallel to line C- F, through an average of points D and 
point B was obtained. would ay appear therefore that point B represents 
_ the condition of the clay next to a pile immediately after driving. The 
distance between points A and B shows the strength loss of the soil as a result 
of remolding caused by pile driving. Excess hydrostatic pressure was set up z * 
in the soil by the pile driving, and this pressure was related to consolidation it 
of | the soil next to the pile. The dotted line represents the change in soil 
_ properties s because of consolidation , with points D and E showing the change 7 
occurring in 1 day and 1 month, respectively, | 
Other data which are pertinent are those showing t the variation in water § 
‘across samples taken near a pile. Examination of the data in Fig. 7 


i i | “Investigation to Determine the Driving Characteristics of Piles in Soft Clay,’ by W. 8. Housel and r 
IR, Burkey, Proceedings, 2d International Conference on Soil Mechanics, Vol. 5, 1948, pp. 146-154. 
«8 “Effect of Driving Piles into Soft Clay,” by A. E. Cummings, 9. o. Kerkhoff, rss R. B. Peck, 
Transactions, ASCE, Vol. 115, 1950, p.275. gg 

Discussion by Philip C. Rutledge of “Effect of Driving into ott Clay" w A. E. Cummings, 
O. Kerkhoff, and R. B. Peck, ibid., p. 301. 
1“Review of the Cooperative Triaxial Research Program,” Philip C. Rutledge, in ‘’Triaxial Shear 
ee and Pressure Distribution Studies on Soils,”’ Soil Mechanics Fact-Finding Survey, U. 8, Water- 
ways Experiment Station, Vicksburg, Miss., April, 1947, pp. 20-26 and pp. 79-100. 


“Strength of Natural Clays,” by Philip C. Rutledge, paper presented at ASCE Meeting, Bosto 
October, 1948, Civil Engineering, November, 1948, p. 23 (abstract). 
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From the information that has been meat it can be argued that we 

water content of the soil next to the pile wall is progressively decreased _— 

; the p passage ge of time after the pile has been placed, until some limit is reached, — 
- and that this decrease in water content is accompanied by an increase in the " 
strength of the soil at the pile wall. The soil strength will be highest at the > 


ce pile wall and it will decrease as the distance from the pile increases. Th here- . = 
- fore, points D and E in Fig. 8(b) must represent an average value for a 4 
properties near the pile because the samples were taken over a 3-in. Stoo. 
One could speculate o on n the value of the -unconfined- -compression strength 
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g capacity of pile ‘gules 
Pore-water pressure gage W-1 


— Pore-water pressure gage W-3 “= - 
re-water pressure gage W-5 
10 


Fie. 10.—Comparison oF Rate oF or BeariIna Som Srreners, AND 
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a friction ‘pile j is ‘failure usually o occurs the 
_ soil at some distance away from the pile wall; hence, some average value of 
_ the shearing strength of the clay near | the pile wall will correctly define the 
- effective strength. It is interesting to compare the rate of increase in ‘soil: 
fis with the passing of time as determined by soil testing with the rate 
a decrease i in excess hydrostatic pressure with h the passing: of time as deter- 
mined from pore-water pressure gages. a is in ‘Fig. 
10, and there is excellent agreement between the rates. _ 


_RELATIONSHI IP BETWEEN Sort AND Loap-TEst Data 


; oo the results of a load test on a friction pile, a value for the a average 


skin friction can be computed by d dividing the maximum load which the pile 


shows that for samples represented by point D the water content was an 
of 1.31% higher for those parts of the samples farthest away from 
_—————- + the pile; for samples represented by point E the water content was 1.33% a f 
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FRICTION PILES 
ean area of the pile. However, the variation 
-_ ‘skin friction with depth can be seen by examining the distribution of the 
failure load along the pile. _ The slope of this load- distribution | | curve at any 
: ‘point is a measure of the rate of load transfer (skin friction) from the pile to 
_ the soil at that point. The rates of load transfer along the pile have been 
| determined from the load- -distribution | curves for the failure load in each of 
the load tests, and the results are shown in Fig. 11. In general, the rate of — 
‘load transfer at failure increases with increasing depth; it is about equal = 


_ depths of of f 20 ft and and 22 ft, and it is very low for the shallow ne The 


all depths agrees, in a general way, W ith the percentage inamnene in bearing — 
“a In Fig. 11 the increase with the passing of time of the rate of load transfer 


from pile to soil (skin friction) at various depths in the soil, when the pile is _ 


* 


Fas 
11 Rare oF or Loap TRANSFER FROM PILE Son, CoMPARED wir: Increase 1 
Sear Srrenotrs or Som Next To PILE 


supporting its maximum load, is compared with the i increase in strength of the 
soil adjacent to the pile. a The shear-strength values used in this comparison = 
were those on the dotted line closest to points D and E in Fig. 8(b). For 
_ large values of time t there is good agreement between the shear strength of 
the soil and the rate of load transfer, or skin friction, at the greatest depths; _ 4 
- for small values of time the agreement is not so good, with the skin friction 
being appreciably less than the shear strength of the soil. pt ‘The bearing capacity — 
of the pile, computed on the » assumption that the full shear - strength of the 
soil is developed over the embedded area of the pile, would be greater than the 
measured value—with the largest error occurring at the smaller times. ut A 
- similar lack of agreement between bearing ¢ capacity and strength data is 


shown in Fig. 10, in which it may be seen that in the early stages after driving © = 
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“the rate: increase in shear is considerably greater t than the rate of 


_ because the test data in Fig. 7 show no definite trend in the relationship — 
_ between shear strength and depth, duipq. Lion 
At the outset of this investigation it was assumed that the failure which 
occurs | when a friction pile is overloaded occurs in the soil surrounding the 
pile and not at the interface between pile and soil. However, for the pile 
used in this investigation, the foregoing results indicate that this assumption — 
- ‘ should be ‘modified as follows: For small values of time at all depths and for — 
a all values of time at shallow ‘depths, the failure which occurred when the 
_ pile was overloaded did not occur in the soil but at the interface between the — 
as 9 Arguments which favor this modified hypothesis are as follows: hig ae aon 


a” & . The bearing capacity at time zero, as determined by extrapolating . the 
4 bearing capacity-time curve (Fig. 3), was approximately 700 lb. The shear 
th of the remolded clay, determined by taking one-half of the unconfined- 
compression strength of remolded samples, was 110 lb ord sq ft; if this shear — 
strength were effective over the entire embedded area, the bearing capacity — 
of the pile at time zero would have been 2,360 lb. ‘That the bearing capacity — 
} was less than one-third of the value indicated by the remolded shear strength 
_ probably indicates that failure occurred at the interface between the pile and 


_ soil where a lower shearing resistance was developed. 

2. The unconfined- -compression tests showed no significant variation of © 

the soil strength with depth, either before or after pile driving, but Fig. 11 


shows significant « changes in the rate of load transfer with depth. ‘The changes 


in the rate of load transfer probably indicate | that bond failed to develop at 
4 the interface between pile and soilat the shallow depths. 


8. The ds data in Fig. 10 show good | correlation between excess hy drostatic — 


“4 and shear strength, but the increase in bearing. capacity lags behind 
_ for small values of time. The lower rate of increase in bearing capacity” “= 
7 probably indicates a lag i in ‘the mesg of bond at the interface. 


It is that the modified assumption is derived only from experi- 
rl ences with the piles used in this research; esata, it seems probable that the | 
modification will apply t to other piles as well Pa 
Rae is interesting to note that near the top of the pile the maximum skin 
d friction was less than the shear strength of the undisturbed soil because failure _ 
7. occurred at the interface between pile and soil. . Near the bottom of the pile, 
how ever, the maximum skin friction was greater than the shear strength of 
the undisturbed soil as a result of the increase in strength of the soil caused 
_ by disturbance and reconsolidation, — It might be expected, therefore, that 
the | av erage e skin friction at failure, yore sufficient time had elapsed to allow 
‘the soil around the pile to reconsolidate fully, would have a value aperosimasinly 
equal to the shear strength of the undisturbed soil. $ That this is in fact the 
_ case may readily be seen if the ‘supporting capacity of the pile is computed — 
on the assumption that the skin friction over the embedded area of: the 


ae q : h trength of the soil is constant along the length of the pile | of 
if 
| 
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‘FRICTION ‘PILES 
— is equal to the shear | strength « of the undisturbed soil. ‘The total ste ition 
based on this assumption is 5,400 lb. This value, together with a resistance 
of 200 Ib at the pile tip, gives a total supporting capacity of 5,600 lb. This 
: compares favorably with the maximum supporting capacity of 6,100 lb mea- 
sured in the seventh load test. It appears that this method of computing the an 
ultimate supporting capacity of the test pile gives good results because the 
length of the pile was such that the error caused by overestimating the skin 
_ friction at the upper end of the pile is approximately neutralized by the error — 
caused by underestimating the | skin friction at the lower end of the pile. — ails i 
Load DISTRIBUTION AND SETTLEMENT FOR A FRICTION ad T 


7; In examining ‘the load- distribution curves, the possibility, of using data 


from shear tests of the | soil to obtain load-distribution curves and load- — 
settlement curves for a pile was cited. _ The accuracy of the results obtained 
will depend, of course, on the validity of the soil test data; if, however, reliable 
- data on the shear charac teristics of the soil adjacent to the pile can be oud 
mined, the behavior of the pile under load can be predicted by the method c 
; Ifa friction pile is driven through ¢ clay, the clay is remolded. Consequently, 
rmelion of the properties of the undisturbed soil, the clay in the vicinity - 
the pile has nonbrittle stress-deformation characteristics. — . A loaded pile a 
produces” deformation in the surrounding» soil, and the deformation varies 
_ from a maximum at the ‘ground surface to a minimum at the pile tip. In 
: usual cases, the pile is quite stiff in comparison * & soil so that at the ultimate 
pear Although ‘the topmost soil elements will be p 
— because of the elastic compression in the pile, the additional deformation will | 
not cause this shear resistance to be reduced below the maximum values. 
> Thus, the load distribution at the ultimate pile load can be determined from 
a knowledge of the shear strength of the soil around the pile. It is possible 
ai that there will be failure at the interface between the pile and the soil; if so, 
some fraction of the shear | strength « of the soil might b be used to account for the 
_ loss in strength resulting from the interface failure, ts ten 
Fora number of reasons it is useful to know the load distribution along a Be 


friction pile which is supporting. a load less than the ultimate load. In this 
ease, three problems exist: (1) Computing the resistance of the pile point; 
(2) relating the stress-deformation curves for the soil to pile movement; and 
(3) making the mathematical solution. the present time (1956) the first 
problems can be resolved whereas the mathematical 
solution can be made by a method of successive approximations, == 
al The point resistance of a pile i in clay for a given downward Movement of | 
q the pile point may be of minor importance if the pile support is supplied — 
a _ principally by shaft resistance; however, for a eondiele solution, the point 


resistance must be considered. Ultimately it is hoped that a method for 


determining po point resistance, based on the stress-strain characteristics of the j 
‘soil determined from triaxial compression tests, can be developed . How ever, », 


d — 
2 
| 
| 
— 
= 
q 
= 
— 
— 


d asa temporary the point resistance is very low, the resistance 

may be computed (as in the subsequent example) by considering the point to a 

be replaced by an equivalent length « of shaft. _ The shaft area to be added 7 


might be obtained theoretical considerations or, as in 


shear stress ‘which will develop a a resisting force ‘along 
The methods of elasticity are of limited assistance in this problem because 7 
the soil is nonelastic. ‘The s stress-deformation curves: used in this analysis — 

"should be those of the reconsolidated soil adjacent to the pile. However, 
i* <= data cannot be determined readily, and therefore, as a trial, it is suggested 7 


/ 


tar 


that the stress-strain curves obtained from vane shear tests on the undisturbed _ 
- soil be used. The vane imposes deformations similar to those imposed by a | 
downward moving pile, and the radial movement of a Point on the vane 
- extremity is assumed to dev elop | the same shear resistance as will an . equal 
— nward movement of a point on the pile. An attempt can be made to— 
_ correct for the fact that failure may occur at the interface between the pile 
and the soil rather than in the soil by us using only a a certain part. of the soil 
strength corresponding toa particular deformation, 
‘The differential equation which defines the load distribution along the 
pile length can be approximated by considering an e element cut perpendicular | 
to the pile axis (Fig. 12). The movement of the pile wall at depth z differs” 
— that at depth z + dz by the elastic compression of the length, dz, of the 
pile. The: unit strain of at depth zis therefore 


— 
more difficult problem is to relate the stress-deformation curves of the 
eos 7 soil to the movement of the pile. If a point on the pile is assumed to move Ss . 

downward a certain distance, this downward movement must be related to 

a 
or 
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in which Ei is the modulus of elasticity of the pile material; @ represents the _ 


of the haw at is the load on the at depth 


If Bisa function which the of the soil 80 that BO i is the shear 


of the e soil ‘corresponding to a strain, fT « 


(5) 


inwhich 


wa 


| 
6 “This analysis i ignores any deformation of a ‘soil element next to the pile wall a 
asa result of the nonuniform distribution of vertical load in the soil above 
this element and to this extent is approximate. The term, 8, is a constant — 
only if there is ali linear - relationship betw een soil resistance and pile movement, 
as expressed by a a line such as line 1 in Fig. 13, for the full length of the p pile. - 
In that case and if a is also constant, a theoretical solution can be obtained 
-Teadily for the differential equation. i A theoretical solution can probably | be 
‘obtained conveniently if the soil resistance and pile | movement are related by 
a curve such as No. 2 in Fig. 13 for the full length of the pile . However, the 
g usual case is that the soil resistance and the pile movement are related _ by a 
curve similar to No. 3 in Fig. 13 and that this relation ship will vary | with 
depth. In this case, a numerical procedure seems most suitable for the ~ 
- solution of Eq. 6. The procedure is analogous to the test loading of a pile, 
resulting in a series of load-distribution curves and i in a load-settlement curve. — 
Computations Using Theory.—In order to illustrate the proposed method — 
of analysis, computations have been made to determine the load- distribution 
curves and load-settlement relationship for the pile tested in the field. ~ The 
stress-deformation relationships for the undisturbed soil as determined by 
vane shear tests (Fig.9) were used inthe analysis. 
~ In order to correct for the fact that failure was: found to occur at the 


: 
— 
a — 
» 
‘ 
= 
on of the soil strength, : oe 


was used. The Proportions for the various depths were from an 
examination of Fig. 11. A comparison of the shear strength o of the soil with Jom 

- the rate of load transfer at the various depths enabled the following proportions __ 
_ to be obtained: 22 ft, 1.0; 20 ft, 1.0; 18 ft, 0.9; 16 ft, 0.7; 14 ft, 0.6; 12 ft, 0.3; 
and 10 it, 0. Itis that each factors to be applied at various ‘depths 
_ would not normally be known. However, experience with other piles and 
 goils may ultimately be used to select appropriate factors. to 
A particular load-distribution curve is computed by assuming first a small — 
_downward movement of the pile tip. The stress- 
soil at that depth is consulted (Fig. 9), and the rate of load transfer which is | 
_ developed is obtained. _ The load on the pile tip is obtained by multiplying — 
this rate of load transfer by the shaft area which is assumed to replace the 
 ~pile tip. In this case it was found that the resistance of the pile tip could be - 


approximated b by | the shaft sesiatance on on an additional 8 in. of pile length. 
TABLE 4.—CoMPurATION | OF THE ‘Loap DIsTRIBUTION ALONG 
Friction Pitre ror aN Assumep Point ‘Movement = 


Section midpoint 
depth.| move- 
in feev 


Next, a somewhat greater. downw ard movement is assumed for a point 


‘ ‘movement i is s obtained, and the i increase of load i in n the pile i is \ééunpubed. 9 “then, 
using the area and modulus of elasticity of the pile material, the movement — 
_ corresponding to this increase in load can be computed. iff If the Sioned 
movement does not agree with the assumed movement, a new w computation 
_ is made, and the process is continued until agreement between movements is 
_ obtained. In this manner, a load- distribution | curve can be computed for the 
‘ entire pile length, corresponding to ar any assumed movement of the pile tip. a, 
__ For the computation shown in Table 4, the downward movement of the — 
a pile tip ata depth. of 23 ft was assumed d to be ( 0.12 i in. 4 The stress-deformation a 
‘ curve for the soil at a depth of 22 ft was consulted, and a rate of load transfer 
_ of 510 lb per sq ft was obtained. The area of shaft for 8 in. of pile length wa 
; 1.05 sq ft; therefore, the load on the pile point was computed to be 535 lb. ee 
‘The movement; . , of the pile for a depth of 22 ft was assumed to be 0.1210 : 
tal Then ~ rate of load transfer of 510 lb pers a ft was obtained from acide 


Fr 


@ 
| 
“i 
J 
| transfer Load at, | load, in | load. fn section, in) in 
veloped, | area, crement, unds inches inches | | 
0.1210 | 510 1590 | 2,125 ‘065 | 0.0018 0.12 0.1239 
0 314 | 1, 4,005 | 3, 0.0026 | 0.1252 | 0.13 
| ‘| isso | 540 | 0.00 0.1268 
1217 600 3.14 13070 | 5.075 | 4, 0.0032 | 0.1284 
21-19 0.121 rid 340 3.14 6.105 5,590 0.1322 | 0.1 
— 1239 : | 1,030 6,700 0.0038 (0.13848 
19-17 | 0.123 328 | 3.14 | 7.295 0.0043 0.1365 | 0.1343 
— 
— 


Pa = Pas + c 
in which Pui is the load in the pile at a depth of 21 ft; Pos poh ea the aa. 
in the pile at a depth of 23 ft; r22 is the rate of load transfer per unit area at a 


depth of 22 ft; C denotes the circumference of the pile; and L23_2: is the length e 
he pile from 23 ft. Thus, <4 abe went 
535 + (510) (1. (2) 


check the assumed movement of the alle, o= = 0.1210 in. at a of 


22 ft, the movement of the at depth of f was computed from 


= + 

= 
a in which oa is the sepilates of the pile at a depth of 21 ft; A represents the 
_ eross-sectional area of the pile material (1 A in2); ‘and E is the modulus of 


ee ue of the pile material (30 x 10° lb per sq in.). Thus, 


0.1200 0 + 0.0008 = 0. 1208. 


2a = 0. Travian v ins 


The movement of the pile at a depth of 22 ft was assumed to be the average 
of the movements at 23 ft and 21 ft—that is, 0.1204 in. It is obvious that a 
more accurate computation could be made by using the area under the load- 
distribution curve from 23 ft to 22 ft, but the extra work involved does not 
- appear to | be justified. Thus, the computed movement, at a depth of 22 ft, of 
4 0.1204 in, is not in in agreement with the assumed mo mov vement of 0.1210 in. A 
- new assumption was made and the computation was repeated (Table 4) ——e 
_ agreement was obtained between assumed and computed movements. | Table 7 
4 shows the entire computation for the full length of the pile. hive. 
 Bya assuming v various movements of the pile point, a series of load- -distribu- 
tion curves can be obtained. The series obtained for this pile is shown in 
Fig. 15. For each assumed point movement, corresponding values for move- 
“ment and load at the top of the | pile were re determined. Mi Reference to Table 4 
shows that for the assumed point movement of 0.120 in., the movement of the 
- of the pile was 0.159 in. and the load at the top of the pile was 7,830 ‘Ib. 
Movements and loads for the top of the pile were ae ee to obtain a load- 


Fig. 15, the load-distribution curves ¢ as in the 
foregoing are with the actual load- -distribution curve for | the maxi- 


test). In Fig. 16, the computed load- settlement curve is compared with the | 7 


load- settlement curve for the seventh load test; the results d do not eT . 


‘~ The load in the pile at a depth of 21 ft was computed as follows (Fig. 14): _ eg 
— 
| 
| 
Be. 
= 
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4 “caused by er errors assoc iated with the use of the vane shear r device for determin 


_ increase in the the resistance to movement of the vane with the result that the — 
re resistances computed from the dimensions of the vane were too high. - This - 
is evidenced by the fact that the shear strengths determined from the vane 
4 tests were higher than the maximum values of the rate of load transfer mea- 
a 4 sured on the test pile. In a more uniform soil, for which a vane test would - 
7 give more reliable results, the method of analysis would probably yield better 
between computed and actual pile performance. 


method may have useful practical applications. If tone shear tests 
are performed at a site where a friction pile is being test-loaded, @ pair of 
curves such as those shown in Fig. 16 ‘could be obtained. From a ‘practical: 
- standpoint, modifications could then be made i in the vane-shear-test data so 
that: the load-settlement curves would agree. ~The modified data from the 
vane shear test could then be used to determine load- distribution curves for 
other conditions of pile length and pile diameter. _ 
’ ‘The fact th that the analysis does not take into: account the deformation o of — 
‘ the soil next to the pile wall caused by the nonuniform distribution of vertical | 
load i in the overlying soil would be expected to lead to computed settlements a 
_ which are are somewhat less | than the actual settlements of t the pile for any par-— 
ticular ap; applied load. Further investigation may reveal a ‘simple method of 
taking this factor into account. Furthermore, by using the data obtained by : 
vane shear tests on the undisturbed s soil, the effect of pile driving - on soil 
properties is ignored. It is possible that research will reveal a more suitable 
way of determining the soil properties to be used in the > analysis. hapw!in saw 


CHARACTERISTICS OF THE SoIL ADJACENT TO DRIVEN PILEs isnt Liles 


In order to make a more accurate analysis of pile performance from soil — 
tests, it would be necessary to determine the characteristics of the soil adjacent ip 
toa a driven pile. this: purpose it would be necessary to. determine the 
‘properties of the partly remolded soil corresponding to points B and E in —_ 
Fig. 8(b) from the results of tests on soil samples obtained prior to pile driving. © ms 
The properties of the undisturbed and completely remolded soil, corresponding Bs - 
to points A and C in Fig. 8(b), could be established as previously described, _ 
and the slope of a line corresponding to B-E could be e correctly « obtained, but ut 
the p positions of B and E would be indeterminate. 
.: - How much disturbance will occur as a result of the pile driving? In this 
investigation the tests show that in going from point A to point B the ae 
lost 67% of the strength it would have lost in being completely remolded. ;. 
This does not mean that some other clay would lose the same proportion of 
its strength as a result of pile driving, even if the same type of pile were used. | 
_ The conservative assumption could be made that full remolding would 
occur, but it would still be necessary to determine the increase in strength an 
il caused by reconsolidation. In these experiments. the final strength 


— 
ing the properties of the particular soil used in this investigation. ‘he presence 
af. ahella in the anil enttine arram thea’ failure niene wndanhtadlwy ranecd 
> 
| 
4 ae 
‘a 
> 
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of the soil next to the pile was approximately 60% % ) more than th the sirength of 
the undisturbed soil, but there is no evidence to indicate that a different clay — ; 
- would show a similar increase in strength. Fully remolded soil attained a = 
- strength 60% higher than the strength of the undisturbed soil when recon+ = 
- golidated in the laboratory under a pressure of approximately 1 ton per sq ft" i 
_ (about one-half the total pressure which developed during driving), but this 
relationship may not be true for other piles. = «= ©. 
_ Therefore, at this time a complete procedure for predicting the performance — 
_ of friction piles from soil properties cannot be formulated, and approximations _ 
must be made. It is believed, however, that the tests and analyses presented _ 


in the foregoing do indicate a a procedure for obtaining a reasonably accurate — 


7 


_ determination of pile performance and that greater accuracy can be attained 
_ when basic work is performed to determine the mechanics of the consolidation - 
process around a pile driven into clay | so that peak pressures wi which are pre- 7 


dicted can be translated into ultimate. equilibrium pressures w with a accompanying : 
consolidation and increase in shear strength of the clay. 
In the insensitive clay used in this investigation, the pile showed a marked 
increase in supporting capacity with the passage of time; the ultimate load 


4 the final load test, about 30 days after driving, was 5.4 times as great as the 

_ ultimate load, measured several hours after driving. The increase in support- _ 

ing capacity was attributed to an increase in the shear strength of the soil — a 

surrounding the pile. Waiter it, be lage shia it 
The load- distribution curves for the pile showed that ‘most of the load was a 

d removed from the tt by shaft ‘resistance, with only approximately: 10% of 


was reflected by an an increase in the rate of load weanater; és as : determined by te 
_ slope of the load-distribution curves; the increased rate of load transfer was — 
_ exhibited by soil strata at all “depths. The load-distribution curves for all — 
loadings showed a general increase in rate of load transfer with depth, with © 
_ no load being removed by the soil near the ground surface and a maximum — 
rate of approximately ants Ib per sq ft being removed by soil at depths of 20 ft . 
at Relationships between strength and water content were established for 
. undisturbed soil and for fully remolded soil. Tests of soil samples taken next — 
to the } pile wall showed that the strength loss caused by the disturbance when i 


would have lost as a fon. of complete remolding. The clay next to the pile ; 

wall: ‘subsequently gained strength, and at the end of the test period it had a 

4 strength 60% higher than the strength of the undisturbed soil. This increase 

_ in soil strength appeared to parallel the decrease in excess hydrostatic pressure, — 
and the e data indicated that these phenomena are directly related. _ moh wih 
q ee The : supporting capacity of the pile was not so great as would have been 

_ obtained if a shear resistance equal to the strength of the reconsolidated soil 4 

= had been developed over the embedded area of the pile. This fact and related - 


data led to the. conclusion that the failure of the at 
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the interface between ‘the and the soil for shallow rather 


method was demoiistrated for solving numerically the “differential 


~ equation governing the distribution of load from a friction pile to the soil. . 3 
From this procedure, ‘the load-settlement relationship for a friction pile ) eo 
be determined if the properties of the soil surrounding the pile are known. a 
The method was applied to determine the performance of a test pile, using the 3 
stress-deformation characteristics of the undisturbed soil as determined by a i 
vane shear tests in the analysis. Results from the procedure were compared a a 
with experimental results, and fair agreement was obtained. | It was suggested 4 * 
that better agreement w ould be obtained in a more homogeneous soil and if 3 bs 
improved methods for determining soil properties could 


suggested for making the method useful in practice. 


folowing conclusions apply specifically to the 


herein—that is, to the study ‘ of a small-sized, displacement-type friction pile — 
which was driven into a clay. “The driving and testing procedures 
q were, however, in many ways identical with engineering practice, and it is — _.. 
j believed that most of the conclusions will apply to other displacement-type_ o % 


: 1. Even in an insensitive clay, the “increase ‘in capacity, with 
; - time, of a displacement-type friction pile may be large, and the final supporting en 3 
x capacity may be as much as five times the initial supporting capacity. = 
ws cm | . The loss of strength of the soil ar around the pile was the result of a diss 
~ turbance caused by pile driving. Asa result of this disturbance, the soil lost 
b, “approximately 70% of the strength it would have lost because of complete _ 
= . The shear strength of the disturbed and reconsolidated s soil il was 


¢ 3. For small values of time for all depths, and for all values of time for F 


— 


shallow depths, the failure of the friction pile when overloaded did not occur 
in the soil but at the interface between the pile and the soil. ie ieee Cae 
The supporting capacity determined for a single friction pile 
 plylnn the area of the embedded pile by the soil shear strength (obtained from — 
unconfined-compression tests of undisturbed samples) must be considered 4 an 


approximation it is nearly to the true capacity in 


& 
a friction 
pile from soil tests is useful even in heterogeneous soil, using the shear re- a 3 
-_sistance-deformation characteristics of the undisturbed soil as determined by ee 


vane shear tests. ae Better results could be obtained if shear resistance-deforma- 
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of the San Francisco-Oakland Bay Bridge “The permission of 
a ye the chief engineer, San Francisco-Oakland Bay Bridge, California ‘Division 
oe, Highways, to use the field test site is gratefully acknowledged. The writers ‘ 

oy. - also wish to thank the following members of the faculty and the research — 
a pra staff of “the Division of Civil Engineering and the Institute of Transportation 4 


: and Traffic Engineering, University of California, who gave valuable advice na 


and assistance in developing the instrumentation and accomplishing other 

phases of the work: B. Bresler, A. M. ASCE, D. Pirtz, A. M. ASCE, R. Clough, ae 
“a f A. M. ASCE, B. A. Vallerga, A. M. _ ASCE, C. L. Monismith, J. M. ASCE, Wein “P 

N. Finn, a. M - ASCE, R. Trescony, E. L. Whittier, R. | 
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‘LAWRENCE A. M. ASCE. —The interesting paper by 
Seed and Reese can be used to illustrate an important deficiency in the field of ’ 
& mechanics and foundation engineering. — _ This deficiency is the lack of 
- rational an and standard p pile load-test procedures w which associate the tolerable 
“pile deformation during the load- testing program with stress and strain — 
properties of the foundation medium. — The influence of time should also be 
considered in designing the load-test procedures 
_ Despite the fact that the authors tecégniced that their load-test procedure 
“differed (under the heading, “Results of Load Tests’”’) ‘‘* * * from that recom- 


mended by most authorities in that the time between load increments was ps 


- quite short,” ’ the influence of the short time interval on load-settlement rela-~ 
tionships was not evaluated. Because an attempt was made by Messrs. Seed 
and Reese to correlate load-test -test results with computed values based on values 

of soil strength, the ‘Correctness of the procedure used becomes of 


times. 10 Therefore, the load of the pile immediately : after 
driving appears to be primarily of academic interest. Of more practical value 
is the load-carrying capacity of the pile at some elapsed time interval related - 
to actual | construction loadings. Load tests conducted for this condition — 
would permit the time factor to be considered. — Although - it is recognized 
that the method of placing the pile i is important, ‘it is felt t that the time factor 


deserves consideration in in performing load tests, whether the pile has - 
(Given or drilled and cast in place. & o ‘od 


_ The writer would like to present the results of load tests conducted on 
¥ ‘drilled and cast-in-place concrete piles for which the time factor was considered. — 
Fig. 17(a) shows load-settlement curves for a long-term test and a ae 
test conducted on a drilled and cast-in-place concrete pile. The pile diameter > 
was 14 in., the effective length was 19 ft, and the total depth of the pile was a 


21 ft. The long-term test was continuous for a 194-hr period with four dial 
gages being read to the nearest 0.001 in. at 15-min intervals. (The first four 
tests | Feported by the authors were conducted within 168 hr after the > pile had 
been driven. The actual testing time was probably only a small fraction of 
this time period. ) For the long-term tests, the pile load was not increased .? 
« until the settlement within a 4- -hr period had not exceeded 0.010 in. ; this was . 
intended to represent a a static equilibrium condition. short-term test was s 


«eee by i increasing the pile load i in 10-kip increments at 5- min intervals ; a ¢ 


ti * Associate Prof., Civ. Eng. Dept., Univ. of Alabama, University, Ala. 
_ 10 “Soil Mechanics in Raginesing Practice,” by Karl teas and Ralph B. Peck, John Wiley & Sons, 7 
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The necessity of using a quick or short-term load-test procedure 
| = a , recognized in evaluating the pile capacity 4 hr after the pile had been driven. — eS 
‘ae _ However, the fact that pile driving remolds soft clay deposits and causes an Ree. 
Ee 
| 
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> the had settled about 0.16 in. during test. and only 

about 0.03 in. for the short-term test. Similar relationships were established 

i i. for other piles subjected to both long-term tests and short-term tests Tests 
_ were also conducted for which the pile loads were increased at intervals of 5 3 
min, 15 min, and 30 min. ‘There’ was little difference in 
telattonships for load tests conducted using these three time increments for 

Z increasing the pile 1 load. _ Howe ever, the settlement occurring during the short- _ 
a term load tests, as in the case of the data shown in Fig. 17(a), was much less 

than the settlement which occurred during the long-term load test. = 


The soil at the test site for these ‘piles i is & ‘stiff, desiccated d clay with | un- Fr 


confined- -compression strengths i increasing from about 0.7 ton p per sq ft ata 
depth of 2 ft to more than 2 tons per sq ft at a depth of 21 ft. Liquid- limit 


We 


_ increments at 5-min intervals 


; Average pile diameter = 14 in. 
Effective pile length=<19ft 


Effective pile lengtn =10f | 
iy 


Length of te test Symbol Date vested Length of 


Stes 
July 1954 (126 hr 
a 


somin | 1954 156 hr 


20 40 60 80 100 1200 12h 
FIs. 17.—Tue LyLvence or Two Facroxs ox Tum RELATIONSHIP Berwnex. Loap AND SETTLEMENT 
-values ranged from 35% to 80%, and plastic-limit values were between 18% 
and 30%. The “‘in situ” water content was approximately equal to the plastic 
limit. “The soils at ' the driven pile site (reported by the e authors) had lower 
“strengths and higher water contents and should have been much more com- 
_ pressible than the clay at College Station, Tex. It appears that time would | 


have been of even greater importance in the load tests for the driven piles at 


_ Another important factor noted in conducting the tests on concrete pi es 4 


“was the i increase in load capacity with successive tests. This i is illustrated by _ 
the load-settlement curves in Fig. 17(b). Ww hereas the retests were conducted 4 
at intervals of approximately 6 months and 12 months after the initial test, — 
the same general relationship was observed for retests conducted at shorter a 
elapsed time periods. . For the data shown in Fig. 17(0), the pile-load capacity — a 


_ increased from about 45 kips for the July, 1954, test to about 54 kips for the i 
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December, 1954, test and to1 more e than kips f for the July, 1955, test st. The 


to an increase in oll strength resulting from changes in the in a 
elt The writer feels that both of the foregoing factors must be evaluated before | 
validity of a load-test procedure can be established. Long-term load 
tests are time consuming and expensive, and many engineers would like to : 
have a a quick or short-term procedure for test-loading piles. However, the 
correctness of data should not be sacrificed for this reason. The engineer 
- realizes that consolidation of a soft clay deposit under a loaded area will 
‘ continue for weeks or even ‘years. " Therefore, it is not logical to assume that 
- the correct relationship between load and settlement can be established by 
loading a pile for a few hours without first comparing long-term load- test + 
data and short-term load-test data, 
Yosuicutxa NIsHIDA. "\—The have many facts (quanti- 
tatively) the effect and time effect of pile driving on 


along : a “pie.” ‘Although several engineers have | performed similar tests, ool = 
last data seem to be more useful for the study of piles. Messrs. Seed and - 
Reese also explained how to compute the supporting nanied and the load ns, 
distribution of a pile from the measured data. 
It is felt from the practical point of view in the field that t the dforuationl 7 
in the surrounding soil produced by a loaded pile is zero and is not maximum m 
at the ground surface because there is no shear resistance (shear stress and 
friction) at that point. - The deformation will be larger at some point along a 7 
_ pile because the friction stress (load transfer) along a pile shaft seems to be ‘a 
larger that section, as is seen from Fig. ‘4(a). . The he writer also obtained the 


same result after a theoretical computation"? under some assumptions. ae 
Referring to Eq. 6, there seems to be no direct relationship between it and — 
F author’ 's numerical example. The writer wishes to know the significance 


7 of Eq. 6 as it cannot be solved unless the rigorous knowledge of B is given, & . 


which is variable with depth asa function of ditself§ 

_ ‘The writer thinks that the methods of elasticity are useful for this problem 
although they at are of limited assistance if applied to the state just before failure 
and if the. soil is assumed to be sleatio when compared with the wil The 


aaah Instructor of Civ. Eng., Univ. of Kanazawa, Ueno-hon-machi, Kanazawa-shi, Japan; bo 
"Theoretical Considerations on the Lateral Friction of Foundation. Files,” by Yeahichika Nishida, 
Transactions, Brasilian Assn. of Soil Mechanics, Vol. 3, 1953, p. 


Computation of the Skin Friction a a Pe into > the Cohesive Soil, 
oshichika Nishida, ibid, Vol. 4, 1954. : 
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PARSONS-PECK ON FRICTION PILES 

‘yy df The shear strengths determined from the vane shear tests are , higher than 

the maximum values of the rate of load transfer measured on the test pile” 

because of the presence of shells. | _ At the same time, however, one should take 

note of the fact that the pile-to-soil shear strength must differ from the soil- 
= to-soil shear strength if the failure takes place at the interface between the pile , 
a and the soil (as the authors found), and that only part of the length of the pile © a 

_ shaft (not the full length) develops the maximum resistance of the soil. a 


James D. Parsons anp B. Pecx,'* MemBers, ASCE 
_ data have been added to the store of information concerning the e behavior of of 
soft clay into which piles have been driven. Itis noted that the : average water , 
a content decreased from the original value of 48.1% to 43.6% adjacent to the - 
Oe caine within 1 1 1 day « after pile driving and to 41.1% within 1 month after pile — 
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ern 


driving. ~ Although the scattering of the vdlens of w water content is appreciable; q 
the general decrease in the neighborhood of the pile a appears s well substantiated, 
4 particularly in view of the corresponding increase in unconfined-compressive 

‘The data obtained by Messrs. Seed and Reese indicate substantial Te 

molding adjacent to the pile, despite the relatively small diameter of each 

Be and the small number of piles in the group. The scattering of the values Bt 

of water content, however, leaves considerable room for interpretation regard- 

ing the position of point B in Fig. 8(b) which ‘established, quantitatively, the 
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-PARSONS-PECK ON FRICTION PILES 759 

‘The writers have made similar studies of the degree of remolding widineon 

with the driving of displacement piles to end bearing through soft deposits of 

clay at a site in the Chicago (Ill.) area. The soil profile is shown in Fig. 18, 
together: with values of the natural water content, liquid limit, plastic limit, : 

and unconfined-compressive strength of unidistarbed samples taken ina3-in- 
diameter, thin-walled piston sampler under carefully supervised field condi- 

tions. - Between El. 0 and El. —15 the clay is. quite homogeneous. . The 


@Undisturbed area 
© Area disturbed by pile driving at 


 Unconfined compression tests 
(average values) 


4 Disturbed area after 104 


y 
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homogeneous layer is slightly overconsolidated except. at its upper suriace a 
where it has been rather highly preconsolidated by desiccation. hie 
i ~ Piles were used to support a large, heavily loaded ‘structure at the site. 
4 For the most part they were driven from the surface of an area excavated to 
El. 7 or to El. . The upper part of each pile consisted of a 12-in. -diameter, 
A corrugated metal shell ; the shell was yas generally about 35 ft long. The lower 
-—part of the pile, about 15 ft long, consisted of a closed-end, 10-in. ~diameter, 


‘d steel Pipe pile. _ The entire pile w was eventually filled filled with concrete. te. 
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bal In much of the ares area the piles addinnes were spaced 14 ft by WwW ft and | consisted 
of from nine piles to: sixteen piles each, spaced on about 3-ft centers. . Thus, 


to pile driving, Shelby tube samples’ were taken in the are 
of disturbance approximately 104 days after pile driving had been completed 
im the vicinity. At a time approximately 410 days after pile driving, two 
‘y additional borings in the disturbed area were made, from which 3-in. piston — 
samples were taken. Values of water content and unconfined-compressive | 

strength were obtained from both sets of borings. . In addition, consolidation | 

tests were performed on the samples taken from the 3-in. borin 1g for compe ac 
performed on amples ta ) oring omparison 
with those from the undisturbed area where 3-in. piston samples were also ; 
recovered. " The results of typical consolidation tests are | shown i in Fig. 19. bed = 
Fig. 19 also shows average \ values of the unconfined-« ~compressive strength a 
_ for the undisturbed samples within the homogeneous soft clay for completely 
_ remolded samples at the original water content and for the tests performed on 
‘samples taken 104 days and 410 days after pile « driving. ing. The average 
and water content of the undisturbed material are represented by point A 
_ whereas those of the remolded material at natural water content are indicated 
by p point C. Points representing the av .verage strength and water content of 
- samples from the areas of pile driving are indicated by the triangular aiihdie; r 
_ they define a li line parallel to that of the > straight part of the e -- log p curve 
7 for a typical sample from the disturbed area. This is in agreement with the ’ 
- concept utilized by Messrs. Seed and Reese to represent their results. — The | 
1 upward p projection of the: strength line to point B indicates { the strength of the f | 
soil immediately after pile driving. ‘The position of point B suggests that = 
the soil had lost all but about 15% of its strength immediately after pile | 
or that it was almost completely remolded. 
‘These results, toge ether w ith those obtained by ‘the b authors, appear to — 
indicate that relatively insensitive soft clay soils are likely to be substantially — 


or almost completely remolded by pile driving. = 
It is hoped that Messrs. Seed and Reese will indicate the location of the 
- pore-pressure gages shown in Fig. 10. The large gradient in pore pressure 4 
and in strength to be expected in radial directions may account for some of _ 
the ‘differences n noted between the capacity | of the pile and the progress of a 
~ consolidation at the points where observations ' were made. It would also be " 
of interest to see typical time-settlement curves for some of the load increments | 


Bouton Srep'* anp Lymon C. ‘Rezsr, 17 AssociaTE ASCE- 


cussing this | paper are greatly. appreciated. As Mr. ‘Dubos notes, the load- 


16 Pref. Civ. Eng., of California, Rerkeley, C Calif. 


Asst. Prof. of Civ. Eng., Univ. of ‘Toxas, Austin, Tex: 
: 


— 
| 
4 
= 
q 
a 
ee | _ and this factor should be considered in evaluating the supporting capacity of = | * 
pile for design purposes. However, the present investigation was concerned | 
primarily with the mechanics of soil resistance to friction piles and the develop- 
to 


“ment o of a of pile behavior. of the objects of the in- 

- Vestigation was to develop a relationship between the load-settlement curve of © 
a pile and the stress-deformation characteristics | of the soil. For this purpose 
‘it would seem desirable that the rate of loading of the soil in both the vane > 
shear tests and in the pile loading tests should be approximately the same, _ 

and thus it is not necessary that the rate of loading be extremely slow. For 

this reason | pile- load tests were performed as « quickly as as possible—the time 
being only long enough to make readings of the strain gages. The agreement — 

between the predicted and the observed load-settlement relationships for the — 

pile might have been; improved if the rate of loading i in the p pile tests had been 4” 
the same as that in the vane shear tests. The writers believe that once a — 

_ satisfactory “analy sis of pile action has been dev veloped the influence of rate of 7 
loading can be included in the : analys sis by using suitable soil test procedures. 
It is unfortunate that Mr. Dubose did not include the date of installing the 

pile in presenting the data in Fig. 17(b) which shows the increase in supporting © a 
"capacity of the concrete » pile under successive loadings. It would have been 
interesting to know the time which elapsed between placing the pile and the 7 

— start of the first load test. . In stiff clays such as those into which this pile 
was placed, over such long time periods, | and for the -drilled- pile method 

construction, it is unlikely that there would be any appreciable change ae 

- water content as a result of radial : flow, as is the case for § soft i clays during the 

‘The writers would also have been interested in Mr. Dubose’s reasons for 
associating the increase in supporting capacity with the retesting of the pile — 
and in the data which showed | that there were no in situ water- content — 


changes. It would appear that the only effective method of determining water- = “s 


|. - content changes at the present time (1957) is by taking samples in a boring» : 
immediately adjacent to the pile wall. Such a boring is likely to in- 


; fluence the subsequent behavior of the pile in further load tests. wv The data 
Presented by Mr. Dubose i in ‘Fig. 17(b) are for the same pile 


in ate water-content changes if borings w were re not made next to the pile w: wall. 
In contrast to the data presented i in Fig. 17(b), the writers would like to | 
‘present, the data in Fig. 20. Three load. tests were performed in rapid suc-— 
cession on one of the piles ‘used i in the research program; this pile was of the 
1 same diameter and length as the pile on which the gages were installed. | A ‘. 
study of Fig. 20 ‘shows ar reduction in ‘supporting capacity of about 5% from . 
Test 1 to Test 2 and no appreciable change i in supporting capacity. from Test2 
to Test 3. There was no apparent increase in supporting capacity neuen a 
retesting of the pile i in this case. 
Possibly the results reported by Mr. Dubose might be influenced by | thixo- 
aes strength i increases with time. ‘However, for the soft clay tested by the 
Ww riters, it ‘it ; appears that the water content and strength « characteristics of the 
“soil adjacent to a driven | pile are associated with the excess ‘pore-water pressure RY” 


and vary with time after pile driving. To determine the behavior of a loaded B adi 


‘pile, the skin friction ‘Tesulting from these vé arying ‘soil characteristics must t be 
ascertained. | The supporting capacity of a pile immediately 2 after driving cane 
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be considered of interest if if one is faced with the practical 


e load tests are desirable i in order to include the effects of consolidation in sy 
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the measured pile settlement under Certainly in practice long-term 


load tests are desirable, but it should not be imagined that the results of such 
“test on individual piles will serve to indicate the probable settlement of a 
_ structure as a result of consolidation. ik pile-load test is simply intended to — 
evaluate the strength characteristics of a soil around a a pile and does not nec- — 
essarily bear any relationship whatsoever ‘bias. 
to the compressibility of the soil underthe Load (P) 
loads imposed by a structure. dave 4 
The writers” appreciate Mr. Nishida’s all alia ‘ator 
comments. His observation that the de | = | 

“4 formation of the soil around a loaded pile is is 24 


tainly substantiated by the results of this 7 
investigation. If a firm bond existed be 
tween the pile and the soil, the deformation . —_ 
of the soil would be a maximum at the 


However, because the re- “distribution 
curve 


sults indicate that failure occurred by slip- 
page between pile and soil at shallow depths 
Fra. 21.—T 
and that ata depth of 10 ft no skin friction 
was developed, the deformation of the Conve mg 
at that depth must necessarily have been 
small. A similar condition would presumably exist near the ground surface if 
the pile were not driven through a 9-ft casing. . This. fact was considered in 
the analysis of pile performance by assuming the effective shear ey to 
be zero in the upper 10 ft of soil. 
Mr. Nishida’s equation (Eq. 10) for an elastic soil and a rigid oie per- 
haps give an insight into certain phases of the problem. His inquiry concern- — 


4 ing the relationship between the differential equation (Eq. 6) and the numerical 


- : computations can best be answered by rewriting aa 6 in n the form of a differ- 


equation as follows (Fig.21): 
Az 


Az m m— 


From the expression for unit strain, OO 


- 


Whee, 


Substituting these expressions into Eq. 1, 
mt 


Bawa. 
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dome to atlue = 2 Az C Bbm. 
In the example in the original paper, Pasi = Po, = Pos, 2 Az = 
C, and = Bom. The other numerical al expressions used therein 


_ The writers are pire to Messrs. Denton and Peck for the additional 
data on the degree of remolding oft the relatively insensitive clay in the Chicago : 

area resulting from pile driving. was interesting to note that. consolida- 
continued for many months after pile driving in this case. 
‘The pore-water pressure gages mentioned in Fig. 10 were built “into the | yoo. 


d hateltnnid i 


_ 4 The construction of the pore-w ater pressure gages and the results of pres — 
4 sure measurements on the wall of the pile have been described elsewhere.’ . 
The pile-load tests for this research were performed rapidly compared with 


. = test procedures. Because the total time of each test was only about 


2 hr, time-settlement curves were not plotted as in other load tests where the 
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ROREWORD 


By Epwin H. GAYLorRD, JR., M. ASCE 


Following a recommendation in 1951 of the Committee of Engineers’ Coun- 
il for Professional Development (ECPD) on Adequacy and Standards of En- 
_ gineering Education, the American Society for Engineering Education (ASEE) 
Bprenesrcct in May, 1952, a Committee on Evaluation of Engineering Education — 
_ of which L. E. Grinter was chairman. The investigation was sponsored finan-— 
_ cially by the ASEE, the Engineering Foundation, the constituent societies of of 
the ECPD, the > Gonesal Electric Company, and the National Science Founda- a 
This committee issued a preliminary report in in October, 1953, an interim | 
report i in June, 1954, a and a final report which was 4s published i in the Journal 7 
_ Engineering Education for September, 1955. 
— In brief, the committee recommends increased emphasis on the basic sci- 
ences, the « engineering sciences, s, and the humanistic and social studies, , accom-— 
_ panied necessarily by a de-emphasis of engineering art and practice, and elim- 
‘ ination of or reduction in | time allotted to courses which have a a high vocational _ 
or skill content. ‘The papers in this symposium consider the implications of 


the report from different pointsof view. j= 
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ENGINEERING } EDUCATION 


NEED FOR | RECONSIDERATION tu 


1 Discusston By Messrs. C. DRUCKER, L. E. GRINTER 


_ The American Society for Engineering Education (ASEE) Committee on ns 


: Evaluation of Engineering Education was appointed i in May, 1952, following 
‘ "discussion by Engineers’ Council for Professional Development (ECPD) of the 
_ need for a thorough restudy of the objectives of engincering education. — ‘The — 
_ committee was charged t to ) determine what changes | are needed i in engineering 
education (1) for it to keep pace with the rapid advances that are occurring in 
science and (2) to provide the next generation with engineering leaders having 
- the capacity to apply | new scientific discoveries in a creative manner. The 
final report covers the committee’s studies ov er a three-year period during 
y which more than two hundred-educational reports from institutional commit- 
“ tees on engineering ed education, from e engineering societies, fre from industrial organ-— 
- igations, and from individuals were studied. This resume is intended to —— 
_ civil engineers a better insight into the problems of engineering education. It . 
is hoped tl that many practicing engineers will read the full text of the e report. — 


_ The objectives of engineering education are twofold and are related to ) the | i 


technical and social responsibilities of engineers. The technical goal i is prepa- 
ration for the performance of analysis and creative . design o or of construction = 
production, or operation in which a full-knowledge of the analysis and design — 
of the structure, machine, or process is called for. The Committee on Evalua- 
tion 1 of Engineering Education of the American Society for Engineering Educa- b 
“lon (ASEE) concluded? that the greatest curricular deficiency in achieving the 
- technical goal of engineering education lies i in inadequate preparation of engi- 
neers in basic science (including mathematics), i in engineering science, and in. 
the planned use of this science background in engineering analysis, in the study 
of engineering systems, and in the e preparation for creative design. Pike Bee 
The second objective, the broad social goal of er engineering education, in- 
dudes the development of leadership, the inculcation of a deep sense of pro-— 
_ fessional ethics, and the general education of the individual. In this area there — 
is less unanimity y of educational opinion, but there is a clear consensus of indus- 


‘flee and titles given are those in effect when the paper or discussion was approved for publication in Trans- — 

de 1 Dean of the Graduate School and Director of Research, Univ. of Florida, Gainesville, Fla. 


Je Bangs ot on Evaluation of Engineering Education, 1952-1955,” Am. Soc. for Eng. Education, Urbana, 
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r _ handicapped b by inability to convey ideas to others in a | clear, logical, and i in- 
teresting manner, using correct and concise oral or written’ language. — ‘There 
is wide agreement that technical competence alone is insufficient and that a 7 

-Teasonable fraction of the engineering curriculum must be directed toward 


‘The consideration of the curriculum takes an undue share of the original 
report and will take a1 an even larger place i in this brief summary. Actually, the 
a report recognizes clearly that the competency ‘of the faculty, its ideals, objec- 7 
mn: tives, and methods, are far more significant than the curriculum becsuse a truly 
distinguished faculty can any curriculum its objectives. However, 
a only ; a few faculties can exert such influence. The framework of the éuitioaliah, 
can maintain the reactionary influence of the past, not only into the present 
but far into future. Since the increase in students that is just ‘over 
their faculties + with | many haneglitionadil teachers, the present seems a most ap- 
propriate time to consider whether curricula in civil engineering are designed — 
in the best possible manner for producing the leaders that will be needed by 


the profession twenty-five years from now. __ | a 
‘The great changes in physics and chemistry : since e the 1920's and the e equally 
7 great a advances i in engineering practice do not seem to have produced an ¢ equiva- a- 
dent ec counterpart in a reorganization of engineering curricula. . AY group of in- 
_ dustrial advisers to the committee has pointed out that the problems i in pro-— 
duction and manufacturing are demanding greater and greater scientific back- 
_ ground for rengineers. As one example, emphasis was placed upon 1 automation 
as a current problem of the machine designer. The need for such instruction 


is critical in in certain intartrics,. and lephensd of these offer such ¢ courses 3 to their 


Gas 


ma 


= in giving “emphasis to electronics i in the curriculum of mechanical engi- ; 

_ neering. Civil engineering is also beginning to feel the influence of automa- 

Greater adaptability to rapidly changing conditions seems clearly needed 

Bie however, some things do not change. A generation or a cen- 
7 _ tury ahead, reactions, stre sses, and deflections will still occur and they will 
have to be calculated. Electrical currents and fields will follow unchanging 
,a laws. Energy transformation, thermodynamics, and heat flow will be as im- 
ery to the next generation of engineers as to the present | one. Solids, 
- fluids, and gases will continue to be handled, and their dy namics and chemical 
i es will have to be understood. The special properties of materials a 
_ dependent upon their internal structure will be even more important to engi- — 
neers a generation hence than they are today. . These studies encompass the 
unshifting foundation of engineering science upon which the engineering © 


curriculum can be built with assurance and conviction. 


Based upon such considerations, the committee recommends less 


sider the young engineer to be unnecessarily 
7 
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ENGINEERING EDUCATION 


ence upon basic science, engineering science, humanities, and social studies. 
- Departmental sequences serve their primary purposes as opportunities to 
; apply fundamental scientific knowledge to analysis, design, and the study of ] 
engineering systems. The committee agrees with the basic concept expressed P< 


by industrial that ‘Specific details of engineering change too 


‘purpose of illuminating fundamental arichatighng principles. If this criterion 


is applied rather forcefully by engineering faculties, it is felt that opportunity an 
will be found within the usual time limits to increase basic studies in science _ 
and humanities as recommended in the report. 
In particular, the committee sees the need for increased study of shathe 
- matics, physics, and chemistry. It sees mathematics through ordinary differ- wa 
ential equations, an introduction to nuclear physics, and more attention to 
physical chemistry as normal requirements of modern curricula i in engineering. 
Great: emphasis is given to the importance of the instruction in engineering — 
_ science and its proficient application to analysis and design in engineering. An ~ 
~ engineering science by definition involves largely the study of basic scientific 
- principles as related to and as interrelated through engineering problems and 
situations. The fields of engineering science are defined specifically in the re- 
port to include’ mechanics of solids (statics, dynamics, and strength of mate-_ 
rials); fluid mechanics; thermodynamics ; electrical theory (electrical circuits, 


- fields, and electronics) ; transfer and rate mechanisms (heat, mass, and mo-— 
mentum transfer); and the nature and properties of engineering materials. 
«Of course, these six titles of the engineering sc sciences should be regarded as 
generic and broadly definitive rather than as representative of courses now 
_ (1955) being offered. It is recognized that other engineering sciences may be > 
expected to develop and that, alternately, there may be some curricula for 
_ which sciences other than those listed must be chosen—for r example, a an earth — 
_ It is recommended that about a quarter of the engineering curriculum be 
_ devoted to the study « of the engineering sciences and about an equal fraction — 

: to their application in a departmental sequence in engineering analysis, design, — 

and engineering systems. : Hence, the organization of basic science, engineering — 

science, and engineering analys sis becomes an integrated sequential study of 


Among the many comments from employers of engineers that have been 
en by the committee, none has come with greater frequency or stronger _ 
4 conviction than that urging the importance to engineers of the arts of viol ; 
cation and of social understanding. There is a nearly “universal —— > 
among employers that engineers suffer unduly from lack of capacity for clear, — 
a concise, and interesting exposition and that they are limited in their ul citchete. 
 « development by an inadequate understanding of the humanities and the social 
studies. Although this viewpoint is accepted as true, there remains some ques- 
_ tion whether increase of fixed requirements of humanistic and social courses 


all engineering students will eliminate this. weakness. 
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‘gai 1944, an ASEE Committee —_— that about one-fifth of the 

‘curriculum be in humanistic and social studies but even this concession has 
- not proved sufficient. Rather than establish an increased percentage « of the | 


_ curriculum beyond this widely accepted figure of 20%, the committee has - 


ters plus a broad opportunity for students to elect additional humanistic and : 
social courses would be preferable. For students with cultural interests all 
‘might appropriately be chosen in the nontechnical field to produce 
about the « same background as that of a liberal arts student who chooses “to 
major” outside of the humanities or social studies. The success of this ap-— 
proach will epee. upon a genuine community of interest and more re meaningful — 


success in liberalizing engineering edi education, these two must respect and 
_ The fields of the humanities and social sciences from which some courses — 
must be selected include history, economics, and government wherein knowl- 
is essential to as citizen, and literature, sociology, philos- 


roadening the engineer 8 intellectual 


-vestment “economics, corporate organization, city management, or 
training. _ The committee questions the value of such studies as a major an 
tribution to liberal education and considers that they should be classified > 


nonengineering technical courses with appropriate additional time provided for - 


AN EXPERIMENTAL CURRICULUM WITH SCIENTIFIC 


Emphasis is placed upon the fact that experimentation rather than stand- 
ardization is needed in curriculum development. _ However, in order to demon- | 


strate that its ideas are practical, the committee has found it necessary to offer in 


- an experimental time distribution for the scientifically oriented curriculum 


it recommends for consideration: 


if 
and engineering systems including necessary tech- 
nological background..... about 
Choice of options or electives in 
(b) basic science, (c) engineering science, 
(d) research or thesis, (e) engineering analysis and ails 


about 


It will be e noted that the fractions given do ne t total exactly 100%. Hence, 


 §“Engineering Education: Report of the Committee on 
Education for 1944,” Proceedings, E, March, 1946, p. 384 
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‘ outlook. In contrast, it is observed that many curricula list as humanistic or 
| 
it should be evident that the committee does not desire this sugges Gistribu- | 


- ‘tion o . of emphasis to be restrictive. | There will be many reasons ten + variations 
among ‘institutions and. among departments of a single institution. 
mentation, however, is strongly encouraged. = 
a The committee’ s interest in this curriculum outline is centered i in: (1) ball 


, (2) the fact that c considerably - more than the “common freshman } year” ert) 
ta be arranged, if desired, as one result of scientific orientation of curricula; 5 
- (3) that even W ith an increased science background | time may be provided — 
elective 0 or option study to offer the student an opportunity to “try his wings” .— _ 
‘in one or two directions. Such elective study can contribute to a stronger _ is 
humanistic-social background for some engineers and a Stronger science back- 
ground for others, with resultant over-all strengthening of the profession o of 


pil) INTEREST OF A PROFESSION Its Epvucation bind 


in, : ‘The fact that there may not be a broad base of interest concerning Maile. 


“ing education among practitioners of engineering leads to the question whether — 
a engineering is yet a profession, or whether possible organizational channeliza- 
tion within the profession produces this apparent, rather than real, lack of in- — 
terest. An important characteristic of a profession is that it shall take 
strong interest in its own education. Since this interest did not develop ear 
i the history of engineering, it was necessary for a group of professors in 1896 
' _ to form the Society for the Promotion of Engineering Education which later 
became the American Society for r Engineering Education. This society 
been very active in the study of ways and means of improving engineering g ed- 
SS and civil engineers have been well represented; it is still unfortunate — 
v very few practicing engineers have been involved personally. No real 


change can take place i in this situation as long sas the main engineering societies | 
and ASEE are not associated more closely. 


do, An association between professors and practicing engineers has hems worked 
out through the Engineers’ Council for Professional Development (ECPD), | 
but one must report that this association is quite tenuous. The most effective 


; work of ECPD by every measure has been the accrediting procedure for engi- | 


one of devoted: primarily of engineering educators. Accreditation — Ei 
was initiated by Karl T. Compton of the Massachusetts Institute of Technology 
(Cambridge), (ALA. Potter of Purdue University (Lafayette, Ind.), and ) Harry 
_§. Rogers, M. ASCE, of the Polytechnic Institute (Brooklyn, N. Y.) pi ‘Tt has 
- carried on by 8. C. Hollister, M. ASCE, Thorndike Saville , M. ASCE, 
and Harold L. Hazen with the aid of several hundred engineering educators: 
and a few practicing engineers. T ‘heoretically, the Society and the other engi- 


“heering of ECPD appoint the lists of of « engineering 
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_ the work of accreditation has fallen largely upon the shoulders of the ‘educators 
beer mee Although the accreditation procedure of ECPD has been e effec- 
tive, it has not encouraged the entire engineering profession t to wanes the i in- 

terest in engineering : education that it should have. ods (2) 


EDICAL EDUCATION 
od COMPARISON WITH IC uc 


: — is common procedure for writers | on engineering education to attempt to — 
- idealize the proce procedure of medical education as an example to the engineering 
_ profession. Actually, the points of similarity are more evident by their ab-— 
sence than by their presence. If engineering education followed | the medical 
_ ~patiern, probably about one-quarter as Many engineers would graduate as at 
_ present because the requirements would be as follows: First, the pre-engineer — 
would take a liberal arts course for four years with due emphasis upon the — 
humanities and social sciences and special emphasis uj upon the physical sciences. — 
At least one-half of those who started would drop out for the usual variety of | 
; ‘reasons. _ Then the student engineer would begin a four-year program « divided 
8 about equally between basic and engineering science on the one hand, as taught be 
__ by research professors, and on the other hand some two years of practical engi- 
a neering courses taught by practicing engineers. After h his eighth year, he would 
graduate as a1 as an engineer and would start a two-year - apprenticeship at a nominal 
_ wage where he would work for one of the top-flight industrial organizations or — 
fora government laboratory. - During this two-year period he would receive 
_ several hours a day of direct contact with a master engineer whose methods he _ r 
would study. At the end of the two-year apprenticeship when he had reached | 
¥ the age of 28 or 30, he would be expected to be able to accept res responsible chat charge 
of any engineering job v within his field of specialization. ales ney 


+ 


N 


The educational picture presented i is so divo orced from concepts of engineer- 


_ ing education and practice today as to appear fantastic. Freshmen engineer-— 
ing are quite anxious to and are 


4 ‘neering ‘must be on n the job. Practical: engineering cannot be. ex- 
perienced adequately in the classroom or laboratory. There is no opportunity 
for practical education in engineering within a college comparable to animal — or. 
experimentation or cadaver dissection in medicine. 
Medical schools fortunately are associated with hospitals where the most — 
advanced medicine is practiced by the professors and observed by the students. _ 
- The teaching of engineering art in college is synthetic and relatively unpro- — 
_ ductive except as it is used to illustrate and teach the principles of engineering A 


‘science and design. may clarify this what ex- 


where engineering educators are necessarily the judges, the whole accreditation 
structure could be destroyed in a few years. Experience has proved that very 

few practicing engineers either can give or will give the time and attention to 
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tent he himself applied engineering art Tr in college during his first years — 

_ of experience. Instead, each person will conclude that he applied day by day y 
the engineering art that he had observed others to be using successfully in prac- __ 

tice. By this procedure, one accumulates over the years a storehouse of tech- — 


niques, methods, tools, devices, and concepts— —in short, a storehouse of engi- 


bh Since engineering art cannot be taught with real eff effectivences in college, 
“the technological emphasis of the curriculum should be placed upon engineering — 
SS instead. This procedure has the: merit that all knowledge of engineering 
peer and the basic sciences upon which it depends is transferable from Geld ; 
to field. An understanding of dynamics, for example, i is applicable to the de- 
termination of the wind stresses in tall buildings, towers, or suspension bridges; — 
7 to atomic blast effects upon structures; to the analysis of machine vibrations; 
and to airplane frame design. . Itis unimportant whether an understanding 
‘dynamics i is obtained in physics, ‘mechanics, mechanical engineering, or civil 
- engineering, or by a combination of exposures. If one understands fully the 
basic principles and necessary assumptions, applications may be made in inmany 
- fields; in addition, such knowledge does not become out of date. In contrast, — 
8 kaswiediee of the art of handling concrete from the mixer to the forms is use- 
ful only in the field of concrete construction, a small segment of civil engineer : 
ing, and ‘such knowledge « of the art is also : subject to rapid obsolescence as new 
techniques and devices are developed. 
It can be observed that the engineering science of the mechanics of solid — 
bodies is transferable knowledge of permanent. value for s study by all student = 
avil engineers whereas the art of concrete placement is better learned on the 
job by the limited number of f graduates who happen to accept employment i in 
field of specialization. ‘similar parallel may be drawn between the 
broad usefulness of the engineering science of fluid flow and the relatively lim- ] 
ited « application of practical techniques f for stream flow measurement. — Unless 
the entire approach to engineering education should be revised more nearly 
along the lines of medical education, there is so little time for the study of en- 7 


gineering at art that: it can ‘appropriately s¢ serve only as a tool for illuminating the 
n and not as a basic ap- 
proach for the transfer of engineering knowledge. 


J 


af The preceding remarks have applied largely to the undergraduate curric- 

ulum. In four or more years of undergraduate study, the college attempts to 

day. a foundation for the future dev elopment. of a real understanding of engi- 

neering problems by its graduates. It does not expect to achieve through the 
undergraduate curriculum an adequate understanding of engineering science 

i for the professional engineer. To achieve the appropriate status of a profes- 

- sional engineer, the engineering graduate has the choice of graduate study or of 
further self-education. It appears to be the trend for most professions to re- 
‘quire either the m master’ ~ degree « or its. s equivalent i in formal study before profes-_ - 
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sional iieaiiilen is awarded. In engineering, where iia a fraction of the 


4 graduates appear to desir professional recognition since attractive . employ-— 


ment outside the professional field is readily available, there would be an ob- 
vious advantage i in retaining the bachelor’s degree in engineering as a normal 
- termination for those who do not seek professional recognition, while estab- 
- lishing the master’s degree as the normal channel for those who intend to be- 


_ ‘There i is widespread belief in engineering education that this natural solu- — 


tion to the problem of professional recognition is s already ¥ well advanced and ; 
that it will either attain informal acceptance or be formally adopted within the | 
ext generation. . The requirement of the master’s degree in engineering sci- 7 
ence or its equivalent i in self-education for professional recognition ‘would do 7. 


through colleges of engineering in the United States. 
The fosegeing leads to the conclusion that the objective of a modern cur- | 
in civil engineering, mechanical engineering, “electrical engineering, 
_ any other field of engineering specialization is to teach engineering science - 
and | its application to design. Specialization at the undergraduate level, in- 
oo many courses unique to civil engineering, i is the co al on the cake,” 


- selence, engineering science, and engineering design which are called the “fun- 
_— damentals” of engineering education. Equally “fundamental,” however, are 
English communication and certain nontechnical studies. up Pests « qd 

Tae Nonrecuntcat Sipe oF ENGINEERING 

5 it is well to | inquire , whether | any of the things discussed here- 


in are the most ‘important in the education of an engineer. _ In a long article 


pote light Piers given 1 to scientific, technical, or economic knowledge a 

q though : some such factors are involved in decision-making in nearly every in- 

‘stance. . Instead, psy chological, social, and human factors including strong 
character and a developed sense of ethies seem to ) weigh ver: very heavily i in the 

Bens of the successful administrator or decision-maker; and, since alarge 
_ percentage | of engineers eventually enter ‘the realm. of administration, one can- 


_ social sciences that has been particularly characteristic of civil engineering 
8 As a start, educators must drop the confused thinking that has — 
- technical nonengineering courses such as accounting, business or city manage- 
ment, cost analysis, marketing, finance, engineering economics, « or military 

_ training as adequate substitutes for humanistic a nd social courses. _ When en 
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> 
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understanding of engineering science at a level commensurate with thedemands 
Specialization usually partakes rather heavily of engineering art 
ee _ and should therefore not be overdone since knowledge of engineering art is less _ " " 
gineering educators 1ace the issue thal MUMANISLIC ANG social Courses May De O 


tions of engineering science, they will be able to improve engineering a 
and will graduate stronger potential engineers. Since engineering schools can — 
no longer hope to meet the demand for numbers of graduates, it is +t 
quality of graduates that they should now strive. © The engineer must live his _ 
entire life among men. Unless due attention has been ; given to the education — 

- of the entire man (which means much more then the development of an able 
technologist), the engineering both the 
the future and the world itself. 


a 


-. it The investigation which forms the basis of the ASEE Report on Evalua- I 
tion . of Engineering Education was sponsored financially by the American Soci- 
re ety for Engineering Education, the Engineering Foundation, the constituent 
societies of the Engineers’ Council for Professional Development, the General 

Electric Company, and the National Science Foundation. Committee 
pointments were made in by ‘Mr. Hollister, then president of ASEE. 


% a the same order of importance as engineering science in the curriculum of engi- 7 ae 
4 
neering and that engineering art is usefi imarily lustratine annlica. 
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pRUCK R ON ENGINEERING ‘=D UCATION 


- DANIEL | C. Drucker,‘ ‘ ‘M. ASCE. —The report 0 oft the ASEE Committee on 
Evaluation of Engineering Education? is a most. encouraging portent of future 
progress of the engineering profession. _ The author’s summary of the report 


isa clear and logical call for radical changes i in current practice of most of the 


It may be of interest to know of the experience at Brown University _ 
B (Providence, R. I.) in the period from 1948 to 1956 with almost exactly the 
pe of curriculum proposed the committee; this curriculum is outlined 
in Table 1. This experience within the framework of a private university | 
7 " devoted primarily to the liberal arts is not necessarily directly applicable to all 
~~ colleges because such an environment is particularly well- suited for this type 
TABLE 1 —OvrLine or ENGINEERING Curricutum, Brown 
Semester 1 sBemester2 | | Semester3 | #Semesterr4 


Calculus Calculus Differential equations | Strength of materials 
Introduction to Introduction to Radiation physics" Electricity and wr 


engineering en, ineering Elective magnetism 
E iish composition or | English « or Elective 


Semester8 | Semester? 


Electrical machinery Engineering option 
Thermodynamics Engineering option _ option 
Theory of Metallurgy and physics | Free elective Free elective 


_ Courses entitled “Elective,” as distinguished from ‘Free elective,” must not be chosen from the | 
physical-sciences group. A minimum of two must be selected in the humanities and two in the social- — 


of engineering program ; each | school must work out a suitable rogram for 


‘itsstudents and staf 
_ The first three years are common for all engineering students : Civil, ,electrical, 


eadieolesl, , and aeronautical. . This places the desired emphasis on science, 
mathematics, end engineering sc science as cited by Mr. Grinter. This emphasis 
obviously permite “considerably more than the ‘common freshman year’ ra 
_ There are no “service courses” in engineering, such as electrical engineering — 
for civil engineers or structures for electrical engineers. Except i in student- 
- chapter ‘organizations there is no separation of students in accordance with — 
7 their probable choice for the senior year. All students therefore get the funda- — 
“ment als of all fields. The same basic philosophy applies to the liberal arts 


courses taken by arts, science, or engineering students. 
_ Humanities and social studies occupy a prominent place in the program — 
— and may compose 30% 0 of the total with a minimum of 20%. Courses in 


‘seoounting, engineering economy, and other fields w which, as the author explains, 


Prof. and Chmn., Div. of Eng., Univ., Providence, I. 
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are not liberal arts, may be taken as free electives cates A five-year combined 
Bachelor of Arts and Bachelor of Science program is also offered. The basic iv 
curriculum is very advanced, not only in scope, but also in content. Several 
_ examples may help to make thie point clear. Vector algebra is studied in the E 
_ freshman year to prepare the way ten‘tiaiion dynamics, fluid mechanics, a and 
electricity and magnetism in the sophomore year. The course in theory of 
wk structures treats the fundamental theorems of energy and of virtual work in | 
their general form. 7 Indeterminate and determinate elastic and elastic-plastic — 
structures are considered. In all options, details of engineering design are 
_ postponed to the senior year along with advanced courses in theory. — Again, 
fundamentals are emphasized so that, for example, both civil and aeronautical 
engineers take the same advanced course in theory of structures. The design 
courses are Separate and involve introduction to design principles and are not 
repeated practice in design. As the author states under the heading, “LEARNING 
THE ART OF ENGINEERING” snilodt oat ob af ville 


op “The teaching of engineering art in college is aynthelie and relatively un- 
_ productive except as it is used to illustrate and teach the principles of 
engineering science and design. OF OG? SG OF tod 


The writer agrees that: there is a need for “experimentation rather than 
ec, standardization.” All courses at Brown University are re-examined oll 
i] : ually and are changed each year as the need for improvements is recognized. fe 
Adjustments are made among the courses to develop a more effective teaching 
sequence with necessary but not wasteful repetition. Most 
takes place i in the course entitled ‘Introduction t to Engineer 


of work. as as possible from a varied 
smoothed by. a two- week, presemester, engineering-orientation — 
Experience with this curriculum has been gratifying but must be carefully  - 

_ interpreted. Any change in curriculum will initially create at least as many 
_ problems as it solves. _ Eight years is not long, and many questions are still 
unanswered. — A large number of students entering as Bachelor of ll 
_ engineers leave with a Bachelor of Arts degree just as they did years ago. 
‘It is difficult for the student or the admissions officer to evaluate aan r. 
both interest and ability in engineering at ar any level. _ Admissions problems — 
are increased greatly by any appreciable change i in program. Counseling of 
of the major unresolved difficulties, and ‘one is: 
earnestly sought, is the matter of student-chapter activities and allied motiva- a 
is tion. e Because specialization is avoided so completely for the first three years — 
most students do not think of themselves as civil engineers or electrical engineers, — 
for example. Although this attitude may serve well the cause of unity of the 
profession in later years, interest in student chapters is not as strong as 7 
hould be. — Activities tend to be 1 marginal and sparsely attended. Here, te 
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7 | GRINTER ON ENGINEERING ED EDUCATION, 
= smallness of of the group is a handicap. “ts fraction 0 of the juniors plus all of the 
ae. seniors in any one option do not add up toa chapter of optimum size to ) provide 
the necessary continuity from year to year, 
a With a curriculum of this type, there is some tendency toward lack of drive : 
on the > part. of a small but not negligible number of students. af They will drift : 


‘poor work to excellent work lust as it does The important differ. 
ence is that students who are average or better operate on a much higher = 
yet on a more fundamental level than before. i Their ability to handle the ; 
_ diverse and difficult problems faced by engineers in research, design, con- 
struction, and management appears to be greatly enhanced, but approximately _ 
. _ ten years must elapse before a a real evaluation is possible. — Surprisingly, perhaps 


= ability to do the routine problems on which so little time is spent now is 
as good and often better than before. , point can be checked fairly well 


Much more remains to done to curricula which meet the needs 


= in practice an and fundamentals i in education. Quite the contrary, 
high specialization will require an increasingly | broader base of knowledge. Aga gy 
___ Engineering societies should encourage frequent evaluations of engineering _ 
education in the hope that the productive results of the ASEE committee can 
be e developed and then extended to meet the needs and resources of each college — 


3 ao E. Grinter,’ M. ASCE.—The important problem of the future trends _ 
in engineering education has bean discussed by Mr. Drucker. The eurricu-- 
— lum which he describes for the Bachelor of Science degree in engineering, — 
_ without de designation as to the specific field of study, fulfils the definition ofa 
scientific curriculum in engineering. Several institutions have a adopted this 
- program in recent years, and others have begun its adoption since the publica- 
a However, the committee did not feel it necessary to recommend such revolu- 7 
q tionary changes in engineering education. Rather, it seems preferable for evo- 
_ lutionary changes to take place within the traditional framework of present 
_ departmental curricula leading toward a more scientific background for engi- 
- neers. A more significant influence will be had on engineering education by 
- the gaideal substitution of courses in engineering science and creative design 
for present courses that emphasize engineering art. Particularly i in civil engi- x 
4 neering education, it is the evolutionary process of curriculum adjustment to- 
_ ward a more scientific viewpoint that is needed most. There is encouraging ~ 
evidence that such readjustments are receiving serious and favorable consid- 


Dun the Graduate School and Disestor of Research, Univ. of Florida, Gainesville, Fla. 
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TRAINING FOR CIVIL | ENGINEERING 


Discussion sy Messrs. ALFRED R. Gouzf, AND BENJAMIN A. WHISLER 


The present trend of engineering education is toward ‘more technical 


4 courses in the basic sciences narrowly pointed toward careers in research and 

dey velopment in the manufacturing industries. Because most civil engineering 

graduates still go to field or office positions closely associated with the con- 

7 struction industry, increased attention to basic sciences at the expense of 

lat Present curricula, 
=. kept up to date i in ‘course e content, ‘are still most ‘appropriate for the training 


For several decades the American Society for Engineering ‘Education 
-(ASEE) has been an important influence on the attitudes and - policies of 
engineering educators, colleges, and curricula. It is a society of approximately — 
eight thousand members drawn from most engineering schools in the United 
- from all academic ranks, and from industry. The leadership in “the 
ASEE is at this time (1956) primarily from those fields closely associated with 
the manufacturing industries and is influenced by the needs and interests of a ws 
few large industries which maintain programs of research and development. 
- Conditions, however, are so different in the field of civil engineering that 


4 changes which may be reasonable in other fields of engineering should not be a 


Present trends in engineering education are toward the inclusion of more 
_ mathematics, physics (including atomic physics), theoretical mechanics, and 
similar courses. — These courses are , being expanded i in order to prepare the 
os engineer for development and research activities, and this expansion 7 


is being conducted : at the “expense ¢ of those courses which emphasize the true 


_ In order to determine whether or not such changes are appropriate in the 
raining | of civil engineers, | ‘some of the factors which distinguish the civil 
ngineer r from other engineers should be . examined. The historical develop- 
¥ ent of civil engineering has resulted in its being: ‘closely associated with 
public works. The report? of the ASCE Committee on Employment Condi- 
a ions showed that approximately 37% of all civil | engineers, were e employed 


; Positions and titles given are those in effect when the paper or discussion was approved for publication in 


fon —Published, as here, in 2008; as Proceedings Paper 849. 


Head, Dept. of Civ. Eng. Pennsylvania State Univ., 1 University Park, Pa. 
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by municipal, state, and federal government agencies and an Additional 28% 
were employed in private practice, which is closely associated with public — 


works such as sewage-treatment plants, water-treatment plants, and d super- 


~ highways. In n no other field of e engineering 1g does the employment of engineers 


in positions in government agencies or associated with government projects 


i “a In addition to being associated with gov sieseiona agencies or projects, civil 
"engineers are employed by small ~antanal Consequently, relatively few 


of civil engineers in the field of ‘construction is 


"important factor. A survey® of the employment of graduates of a large — 
a eastern univ ersity showed that nearly one-half its graduates are employed i in 
field positions | in heavy. construction or on construction ‘projects. Another 
% third are employed in operation and maintenance positions which usually in- 
volve construction. Therefore, educators in civil must keep in Aa 
mind the fact that, in general, students must be trained for positions in the 
_ Office or the field which are closely allied with the construction of nondupli- 
cated projects and not with the mass production of general industry, = 
- The practice of engineering in any field is, even today both : an art and a 
J 
science. Many problems cannot be solved by the straightforward h 
mathematica and principles but by judgment based on experience. 
materials such as soils. He from using the 
engineering solutions because he must satisfy the desires of nonengineering 
_ public authorities such as municipal councils and elected officials, ‘and he i is 
restricted by antiquated legal building codes. Consequently, he is continually 
_ required to make decisions which represent compromises with the theoretically : 
best solution to a problem. - Educational institutions can do little to provide ~ 
_ the experience necessary to make such decisions, but they should do everything — 
- can to provide a basis for making judgments by showing the student | 
AS 
_ 4 the role judgment plays in engineering and by providing him with the op- 
portunity to exercise judgment based on his limited experience and knowledge. 
Buch training cannot be a part of basic courses in mathematics and physics — 


_ but must be a part of advanced courses in which scientific principles are applied - . 


‘Research is needed in all branches of civil engineering in order to develop — 
more economical ‘methods | of producing the desired results. This research is 


a being continually conducted, but in civil engineering this is rarely done by __ 


4 large private industrial organizations. — _ Research in civil engineering is con- 
g ducted by engineering colleges” and is supplemented | in a few fields by in- 
dependent, industry-supported ‘organizations and by g overnment 
4 These organizations do not employ many new engineers each year, and most of 

the engineers who are newly employed | by th 


Should We Educate Civil eers," 
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ENGINEERING EDUCATION 


the field who have. become. in research,..activities... 
colleges of the country are not training civil engineers for research a 
but for positions in the field of heavy construction. These men will perform — 
designing, supervisory, or operational functions in this field, and some of © 2 
_ them will progress to positions of responsibility in their organizations. They _ 
= become chief engineers or presidents of railroads, chief engineers of —— 
4 departments. or of government bureaus, | owners of consulting firms, and 
owners of construction companies. daa ta: 
_ What kind of education should be given | to the young men who will occupy 7 
‘hie civil engineering positions at any level of advancement? * a 
the student rarely knows until the end of his college career what specie 


& 


oo 


construction, operation, or in a combination of these 
iy However, there exist. certain specific educational requirements for the __ 
student entering the general field of civil engineering. He must be an engineer | 
with all the basic training in mathematics, physics, and mechanics pecempary 
“for civil engineering. must have a knowledge of the basic principles” 
involved in all branches of civil engineering such as structures, sanitation, 


hydraulics , surveying, and in order that he may later make 


formed j in the whole field. Because the young engineer frequently must “nll 
_ written reports, he must be particularly well grounded i in the use of the English — 


should courses in the humanities, the s 
“Ma Because the civil engineering student does not know exactly what he will 
} do after. graduation and because his employer will not provide any special 


training, his curriculum should be broad in nature, with coures that are wl 


Fin 


echnical to enable him to be useful Ate his employer 


Since the Wickenden Report* was issued, | engineering have been 
~ changing their curricula to meet these re requirements. ch There has been gen general — 
7 agreement on a reasonable and effective compromise among these requirements 
bes within the framework of a four-year curriculum which is evidenced by simi- 
larity ¢ of curricula at most institutions. Under these circumstances, it would 
. 4 appear that the best possible curricula have been developed and that normal _ 
and gradual modifications would keep the curricula up to date 
a - Many leaders in engineering education, however, believe that this stability 
ie in curricula is evidence of stagnation and that new developments, particularly © 


iS _in atomic science and electronics, require a complete revision of the methods — 
of training engineers and of the subject matter involved. Such developments “Ty 
ean have only small and peripheral effects on the field of civil engineering. a 


‘Report the of Engineering Education, 1923-1929,"" Am. Soc. for Ene. Education, 
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ENGINEERING EDUCATION 


Civil engineering has dnt steady progress over er the y years but actually t there 


‘vil snajtdden works have been built for eects of years and may be 
_ expected to be in a more mature state of development than those in other — 
fields. . However, progress has been made in the better understanding of the 
principles underlying soils and hydrology, the more economical use of materials, _ 
the use of photogrammetric mapping, the reduction in the costs of earth 


4 moving, and similar developments which should be brought to the students <— 


ie < changes proposed for all engineering curricula include the ‘addition 
of n more mathematics to the calculus, atomic physics, or atomic engineering © 
beyond that which is ‘necessary to keep the student informed concerning "4 
progress in the field, ‘ “solid-state” physics or mechanics, and advanced elec- _ 
tronics. These changes would damage civil engineering curricula because, 
_ if they were included, they would force out work in the advanced civil engineer- 
_ ing subjects. It is more important for the young graduate civil engineer to 
4 be able to participate intelligently in the economic study | of a highway location _ 
_ problem or the e organization | of a construction p program than to be able to 
compute the efficiency of anatomic reactor, 
~ The civil engineer who has an unusual job or who » becomes a research 
worker will need specialized knowledge along certain’ lines. When this n 
4 arises he can always obtain this knowledge as he has in the past: Through his - 
_ own efforts in the e library, through his technical magazines, or by taking formal a 


=e he is apt to have a wide variety of se Het in his day’ s work. | ial 
education should not be patterned after the engineering education 
the mass production. industries where research and development have 
become predominant but should be designed specifically for civil engineers. _ a 
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R. R. Gouzé, M. ASCE.—This paper should be read by all civil 
en engineering faculty members and by all members of the profession interested in 


having college graduates enter the profession with an adequate educational > 


ae While it may be wail that there i is more re stability i in civil engineering eae. 


tion than in the allied engineering arts and sciences, the university authorities 


45. 


responsible for the curricula should not become complacent. Progress in 

_ civil engineering is being made continuously, and where a practice has developed _ 
- that is part of the profession this practice should be reflected in the curricula. 

ie example, on graduation, a student should know that the modern civil 


engineer has new tools, such as prestressing of concrete and welding of struc- 


i: — tures, to help him do a more effective job. He should know, too, that the 


~ same basic principles of civil engineering apply to the design of small dams as — 


as to the design of the largest dams. . Het needs to be exposed | to the 
economics involved in modern superhighway locations and he should under- 

- stand the importance of estimating construction costs as a basis for venereal 

funds for the work, it should be emphasized that a thorough ‘understanding ’ 


- of civil er engineering cannot be fully acquired i in the four years of college training ’ 
toabachelor’s degree. 
Ww henever : a student can devote an additional year for a master’s degree 
it is to his advantage. we the : fifth-year curriculum includes subjects designed 
to increase the breadth of the student’s education, it will certainly make him a — 
_ better employee after graduation « and increase his opportunities for positions 


of leadership in the engineering profession and related administrative fields. 


easier select the occupational field for > which he is best suited. Howe: 
because of the attractive salaries now being offered a graduate, it may be 

difficult to interest him in a fifth year. The young | man anxious to begin his 

career might not realize the long-range v value of a broader education. . There- 

_ fore, anything the faculty members can do to interest fourth-year students to 
study another year will be of great service to the engineering profession, = wi 
The author mentions the lack of training courses for civil engineers after 

_ graduation. — The need for such training programs by employers should be 
recognized. In some fields, such as electronics, in-service training is offered 
and may replace one one or more years of graduate ¢ college 1 work. Bt Training courses» 

_ for graduate civil engineers could be established with university participation 
so that credits toward a master’s degree could be given. ‘The Bureau of 
Reclamation (United States Department of the Interior) has worked closely | 
“with the universities on occasion in advancing the education of its engineering 
‘personnel, ¢ and on-the-job training is part of its program to advance _ 
employ ees. Other government a: agencies have similar programs. 


ps * Chief, Program Coordination and Finance Div., Bureau of Reclamation, 
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WHISLER ON ENGINEERING EDUCATION 


‘al Proper training of y young people i is essential to progress | in any field, and 


Bensamin A. M. ASCE. Mr. Golzé hes indicated, it is 

possible that a -four-y ear curriculum leading to a bachelor’s degree is no 

longer adequate for the education of the civil engineer. _ Educational institu- 

_ tions are under pressure to increase the basic scientific content as well as the 
nontechnical content of the ‘civil engineering» eurricula. These pressures, 

Maser 

: 7 however, have been resisted by those colleges recognizing that there can be no 


_ such increases within the framework of the treditional foury ear —— 


that it would no longer be : a in civ il “engineering. 
addition of another year to the undergraduate requirements would ails 

help telieve these pressures: and, at the same time, retain the identity of 
civil engineering eurriculum. A few institutions have made this 


‘change with apparent success and are satisfied with the results. 


apparently held by many practicing engineers and will help the civil engineering 


~ educator when he is trying to encourage his better students to take gra aduate 
* Head, Dept. of Gv. Eng., Pennsylvania State Univ., University Park, Pa. ou oF 


while. Mr. Golzé’s views concerning the value of an extra year of eal eo 
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AMERICAN “SOCIETY. OF CIVIL ENGINEERS 


TRANSACTIONS | 


vr 


‘4 CONCEPT OF REGIME THEORY, 


Wits Discussion BY MEssrs. GERALD Lacey; Emory W. LANE; 

Biencu; Nine AND HANS A. xt 


ls The regime theory is analyzed the basis of the bed- ‘load faniétion. 

has been found that, within the limits of the observed flows on which the 
 Tegime theory was derived, the “silt” factor, fyr, depends on the sediment 
: concentration of the channel : flow whereas another factor, frs, i isa function of 
yt the size of the bed material. By u using these functional relationships between 
; a sediment characteristics and silt factors, the depth and slope of an alluvial | 
channel in Tegime can be determined either by the bed-load function or by the 
regime theory with almost no difference between the two. The use of ‘the | 


: regime theory for conditions other than those i in India and Pakistan should be | 


onl In northern India and Pakistan the 1 rainfall, except i in monsoon seasons, is 


usually not sufficient for the growth of crops whereas large rivers, flowing from 
the Himalaya Mountains, spread over the plains and carry discharges com- 
parable to those of the Mississippi River in the United States. The great 
demand of water for agricultural purposes combined with an ample supply of 7 - 
river water make this section of the Indian plains ideal for a high development — 
> of irrigation. . The water flowing out of the mountains is often heavily charged — 
with sediment, and the Indus River and the Ganges River flow through an 4 7 
alluvial plain deposited d by these two rivers during recent geologic periods. __ 
_ Maintenance work on some of the irrigation projects was expensive because of Poe 
- the continuous silting up of the channels. Engineers realized that certain bt. 
natural laws must exist that control the characteristics of channels capable — 


Nore —Published, essentially as printed here, in February, 1955, as Proceedings-Separate No. 620. . 
| 7 Positions and titles given are those in effect when the paper or discussion was approved for a in i 


Transactions, 


' Associate ‘Prof. of Hydra lies, Tsing Hwa, Univ., Peiping, China. our 
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THEORY 
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of carrying given discharges and sediment loads without excessive aggradation — 
a or degradation. . Edwa ard §. Lindley,? A. M. ASCE, for example, stated in 1919 
that “*** the dimensions, width, depth and gradient of a (regime) chennal 7 
to carry a given supply loaded with a given silt charge were all fixed by nature. a 7 
_ Since the end of the nineteenth century, various efforts, for the most part 
directed by British . civil engineers, have been made to understand these natural 
processes. The most successful of these efforts was made by Gerald Lacey* * § 
who developed a complete set of formulas for determining width, depth, and 
slope of the channels in regime. This theory has been used extensively in 
India and Pakistan for the design of irrigation canals. Attempts to improve 
the theory have been made,* 7: * but the basic equations proposed by Mr. 
: Lacey 1 remain essentially the same, although the they m may be expressed i in different q 
‘The dev velopment of the Lacey regime theory i is based on a mass of data ude 
_ experience. _ However, the theory does not give a clear description of the 
physical aspect of the problem and it does not define what actually governs — ; 
_ the characteristics of an alluvial channel. Therefore, engineers hesitate to ; 
apply the theory to conditions different ‘from those in India and Pakistan. — ; 
Mr. Lacey’s formulas also_ involve factors which 2 are ‘essentially based 
7 ~ experience, thus making the application of the theory difficult for those lacking 
_ “this experience. It is the purpose of this paper to evaluate these factors 
dhe to how ely i in in terms of the physical conditions resi on the channel and 


also to show the | possible limitations ¢ of the theory. 


i 


4 


which V is the av erage of the R, the hy draulic of 
channel; S, the channel slope; p, the wetted perimeter of the channel; a, a 
constant; Q, the discharge; and fyr and frs, the silt factors. The silt factors 
are introduced in the same way as originally given by Mr. Lacey but they have 3 
_ since been shown to have different values. Eqs. 1, 2, and 3 can be applied only - 


“Regime Channels,” by Edward 8. iindiey, Minutes of Proceedings, Punjab Eng. Cong., , Lahore, 
a _ §“Stable Channels in Alluvium,” by Gerald Lacey, Minutes of Proceedings, Inst. of C. E., London, _ 
+. a8 z 


7 “The Behavior and Control of Rivers and Canals,” by Sir C. C. Inglis, Publication No. 13, Central 
Waterway, Irrig. and Nav. Research Station, Poona, India, 1949. 
8 Lc. “Hydraulics of perenne Canals and Rivers,” by T. Blench, Evans Industries, Vancouver, — 


es Regi by T. Blench, Transactions, ASCE, 
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a This paper is based on . four premises, “two concerning the behavior of 
alluvial channels in ge ral and two concerning the Lacey theory in cree ne 


dimensions of the cross section and the slope « of the channel to the aaa 
conditions imposed on the channel by the drainage basin. These conditions, 

_ which are independent of the channel itself, include the sediment inflow, the — F. 
discharge, and the gradation s and size of the material of which the channel or 
and banks are composed . It has long been recognized? that the sediment inflow 
a primary factor governing the stability of an alluvial channel. 


+ 


ao boundary of the former is molded by the ro and may change with ~“- 
The frictional resistance of alluvial-channel flow cannot be described by one 
hy ormula with universal constants, such as the Manning formula. — It must be 
_—_ taecpeted as a composite effect of the following: (a) Resistance of the sedi- 
en grains which compose the channel bed ; (0) resistance of banks; and (c) 


: 8 3. Eqs. 1, 2, and 3 are empirical relationships based on field observations: 
should not visualized as fixed laws with universal application. 


= 


poy is offered instead, indicating why. the sediment load is not included in 


ae. The omission of the sediment load as an n explicit variable in Eqs. 1, 2, and3_ 
can be explained by either of the following possibilities: 
_ i. The silt factors in and the load with 


a4 9 Pees Channels in Erodible Material,” by E. W. Lane, Transactions, ASCE, Vol. 102, 1937, pp. = 

10 “oh Design of by Ning Chien i ASCE, Vol. 121, 


which contain a bed of loose sediment of the same 
moved along the bed; these channels should also be essentially at equili 
| 
— 
— 
— 
ig 
a 
‘ 
; 
‘ Pakistan resent (1956) it is a useful tool for designing irrigation canals 
a es not intend to rationalize Eqs. 1, 2, and 3 by scrutinizing — je ee. 
— 
> 
— 
— 
Although the dimensions and slope of an alluvial channel must depend 
the sediment inflow, a certain combination of these variables may 
testing these hypotheses, the graphical solutions as g y 
— 
» — 


+ 


are basis for analysis. "These graphical solutions are ¢ constructed 
# according to the bed-load function," the only available working tool giving ee 
of alluvial channel flow and the sediment 


physiographical and climatic. conditions i in northern India, and Pakistan 
_ have been described.” Table 1 shows the range of variables used by Mr. Lacey 
a in his analys sis, as determined by taking the central 90% of the cumulative- 


: EGIME THEORY WAS DEVELOPED oa 


Hydraulic radius | feet 1.1-8.0 1.6-11.0 | 1.2-10.3 \ . 
ba Slope feet per 1, 000 ft | 0.05-0.33 | 0.05-0.14 . .72 | 0.10-1.55 
‘Discharge cubic feet per | 20-4,500 35-8,500 

Grain size millimeter 0.20-0.38 0,05-0.15 | 0.05-0. 
ivr We | in 0.6-1.5 0.4-0.8 5 
ad 0.6-1.5 0508 | 0.5 


ey ee main source of data used by Mr. alia and other engineers arises from 
field observations of existing irrigation canals which were in equilibrium. ‘For 
he _ this class of information the range of bed- -material size is particularly limited. 


_ The analysis was conducted in different steps: (a) The bank friction was 4g . 


ond conditions, as given in Table 1, ‘were _investigated and 


was introduced and its effect was studied. 
_ First Step—In the first step the bank friction was neglected, abe ne me 
size was 0.25 mm (which corresponds to the a average size of bed 
- % ‘material in ‘northern India and Pakistan), the hydraulic radius ranged from = ie 
», oa 2 ft to 25 ft, and the slope was from 0.001 to 0.004. Fig. 1 illustrates the results — * 4 
| of this step in the investigation by showing the relationship between the silt 4 
factors and the sediment concentration. The. computed points can best be bat q 


approximated by straight lines of the following forms: 


Bed-Load Function for Sediment Open Channel Flows,” by H. A. Einstein, 
Si, Technical Bulletin No. 1026, U. 8. Dept. of Agriculture, Washington, D. C., babes AA 


8“"'The Sediment in the Indian Rivers: The Indian Its Comparison with the 
American ara ” by P. C. Playoust, thesis presented to the University of California at sae, in 
1954, in partial ulfilment of the, requirements for the of 
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nificance. The use of the regime theery involves estimating silt factors which 


qr is the sediment- -transport rate "(including both bed- lend end 
suspended load) per unit width and q is the discharge per unit width. 
_ Although fyr depends directly on the sediment load, the combination of 
slope and hydraulic radius (Eq. 2) is almost independent of the sediment- 2 


transport rate. ~ _ However, as will be > shown i in the second step, frs is a afunction — 


of the bed-material size. - Within the range of grain sizes (Table 1) no relation- 


has been found fre with the size of the bed material. 
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3. — frs AND SEDIMENT Concexrmatton 


Thus, it is clear that, if the bed- load method is is to determine the depth 


= 


y and slope of an alluvial channel, a knowledge of the sediment inflow and the — Be: 


material in the bed is r required. "Even though it is not simple to. determine — 
sediment inflow to irrigation canals, this determination has physical sig- 


Taust represent functions of sediment load and size for existing ¢ conditions in 
India and Pakistan. Utilizing the regime theory in this manner and by using — 
“Fig. 1, the two methods give almost the same results. 
Second Step. —In the second step bank friction was ‘the 
material size was 0.25 mm, 2.5 mm, and 25 mm; the hydraulic radius ranged 4 
from 2 ft to 30 ft; and the slope was from 0.001 to 0.005 for the 0.25-mm bed 
material, _ from 0. 003 to 0. 0025 for the 2.5-mm bed material, and from 0. 001 


to 0.01 for the 25-mm bed material. _ _ The » relationships between the silt factors 7 


and the sediment concentration a and size are ‘given i in » Figs. 2 2 and = In Figs. 


a 
— 
— 
— 
— 


= 
— 2@) a and 3(a), R is held constant and S varies; the reverse is true in Figs. 2(b) ao 
and ali \o ni of gon ob stad oft 


In this wider range of variables, especially those of the sediment size, the 


tweed of frs (Fig. 3) remains the same. With sediment size, D, as a variable 


and in millimeters, Eq. 5 becomes: 


fan = 22 


for < 200 ppm. he change of with sediment concentration 


characteristics of the channel, which application of the regime 
7 theory extremely difficult. wid Lack of proper t training or experience in estimating 
the values ues of the silt factors is not necessarily responsible for this difficulty, 
_ but experience in northern India and Pakistan may not be nr to areas 
‘Third Step. — 
side walls having an n-value of 0.02 of soft vegetation 
the banks). ‘The width in ‘Step | was 8 given by Eq. 3; bed- 


7 The conclusions derived from the first two steps were obtained by ignoring ; 
‘~ bank friction. It is important to ascertain whether the effect of bank 
friction will materially modify these conclusions in any way. This effect | 
depends on the sane of the banks and on the width- depth ‘tate of the a 


channel. 
arbitrary b but representative. If the banks prom as if they w were mo hydreali- 
cally smooth, as suggested by Thomas Blench,? M. ASCE, the net results of 
the analysis would fall ‘somewhere between those indicated in Figs. 2(a) ie 
— 3(a) and those given in Fig. 4. _ The use of Eq. 3 in determining the channel - 
width is justified as long as the. range of variables is not significantly different 
a Comparing Figs. 2(a) and 3(a) with Fig. 4 ‘clearly TRE that the 
. friction has little effect on the over-all trends according to which silt pe 
factors vary with the sediment concentration. . The inclusion of bank friction 
4 esults in a slight shift of the relative position of both the fur - and frs-curves a 


__ The sediment load modi in this study refers only to the bed-material load, 
1ich is the material that has been found to be abundant in the bed, The : 

ctual sediment concentration of the canal flow, including that of the wash _ 


load, * may be — values given in n Figs. 1, 2, 3, and 


“The Laws of Sediment Transportation,” by H. A. Einstein and J. W. Johnson, Applied Sedi- 
mentation, John Wiley & Sons, New York, N. Y., 1950, pp. 62-71. 
____14“*River Channel Roughness,” by H. A. Einstein and N. L. Barbarossa, Transactions, ASCE, Vol. 17, ; 
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from river measurements. Some evidence indicates that, below a certain 


REGIME THEORY 


channel. Ina narrow 
aceat the bars do not develop to full size because of the confinement of the 


ban ks. In effect, this will bring the values of j fvr and frs closer together at 
sm mall sediment concentrations, but it will not materially change the conclusions _ 


_ The third Lacey relationship—linking the width of the to the 
it with bed- “load function 


q A. M. ASCE, and T. B. Maddock, in which a number of 


atdos owe | pull oul? 


id 1 jem fiw noigor 
4 
ban (n) 


odd 
“40000 


4. WITH Bank Friction Intropvucep (n = 0, AND 


channel characteristics in the Great Plains and southwest regions of the United — 


States have been studied, it was found that a functional relationship between 


2 and Qe exists among the various cross sections along the river neat under 


Wahid’ found so little its | of a in Indian regime canals that e 


“8 - considered it to be a constant for all streams. Inspection of the large 
' a _ differences in intercept of the lines * * * representing natural rivers indicates _ 
the value of ais nota constant.” 


a What determines ais not fully understood. = 


w 4§“The Hydraulic Geometry of Stream Channels and Some Physiographic by Luna B. 
a Leopold and 3 x: Maddock, Jr., Professional Paper No. ase, Geological Survey, U. 8. Dept. of the Interior, 


ce — 


— 
§ 
— 
— th 
fll 
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=f, 
Messrs. Leopold and Maddock refer to the constant of proportionality, a (Eq. 
a 


REGIME 


findings of this can be summarized as follows: pers 

- ial ‘1. The silt factors in the rey regime theory have been correlated d with the 


~ conditions imposed by, the watershed on the channel according to the bed- 


tration | of the flow whereas frs varies primarily with the bed- material size. 
Functional relationships between the silt factors ‘and the sediment charac- 
teristics are given. Using these relationships, both the bed-load function and 
- the regime theory give the same Corte om and slope of an alluvial channel in 


38. The general application of the regime theory to conditions other than - 
_ those in India and Pakistan is questionable because fy depends also on the he 


_ flow characteristics, which makes the selection of the f-values difficult. ee 
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LACEY ON REGIME THEORY 
author ‘correctly s states that the dimensions and 
% slope of an alluvial channel having a given discharge, Q, must depend on the i ie 
_ sediment load and on the bed- material size; his suggestion that a certain 4 
4 combination of the variables may depend only slightly on the sediment load is of ; 
: value. It will be shown herein that in certain combinations the sediment load 
Sir Claude Inglis and Emory W. Lane, 6.9 Members, “ASCE, (were the q 
to stress the importance of the transported oad as opposed to the size of the - 
material. The "manner in which both variables enter regime 
equations has j yet to be determined. _ However, Mr. Chien’s paper ‘marks > 
- advance i in the solution of this problem. $= | 


ste The writer’s basic equation for the silt factor, f, is 


“a 


the mean d, had been than R, silt factor w 
i have been a function of the Froude number. One can reasonably a * 


that the writer’ s relationship should preferably h have we taken this f form. 


“3 ‘The: also proposed the for formula: 


in which m is the size of hes bed- materia! asta i in millimeters. It became 7 
_ evident that the bed load should enter both o of the writer’s equations and that, 
f as quoted, the equations could apply | only to channels transporting an assumed 
constant, orregime,bed load, 


writer's s flow w equation, in terms of R, and 


= be implicit in the actual depth and by the channel in lodse 

a alluvium. “Sir Claude proposed that, although the bed-material size might be it be 7 
. implicit, the bed load could not be ignored in this relationship. noc meee. 

The writer’s equation for the wetted perimeter (Eq. 3), which Messrs. 4 
Leopold and Maddock'® have confirmed with respect to the power of 1/2 


_ for natural channels, has the same defect. _ The precise grade of bed material - 
¢ does not appear to affect the constant but » as Messrs. _ Inglis and kame have > 


the w varies from point to point, and flow is | con- 


for the complication of stiff banks) would be approsnately correct. In 


— 
— | 
W 
‘ 

&§ 

| 

4 
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e compact stable channel of minimum width. The writer 7 


“now prefers ' to use the water-surface width, B, as a variable instead of the 


Ss wetted perimeter, p. This procedure is consistent with modern practice. __ 
ma Combining Eqs. 7 and 9, a number of silt factors ei can be e obtained of which — 


nips 
= 3,072 


as het the first two silt factors and, from 1 them, the third silt 


7 factor may be derived as follows; ee. 
is possible to the re relationship between 
concentration. be Referring to Fig. 4(a) and examining the general trend it will 


the noted that, ‘he a sandy bed material with a mean diameter of f 0.25 mm, 


Eq. lla is the mean 1 of the entire ‘Tange, and Eq. 116 applies to sediment 3 


parameter, R S/V, is independent of the sediment concentration, gr/q. 


This combination of the variables i is embodied i in the flow e equation, 


h 
and on replacing f by the root of the size 


gravitational acceleration, ¥ 


This dimensionally equation (Eq. 13) has a physical 


Ss 17 *Regime Flow in Incoherent Alluvium,” by Gerald Lacey, Publication No. 20, Central Beard a 


Irrig., Simla, India. AGS 


i 
— 
— 
— 
a | 
a inear-resistance law. A 
. Although it is preferable to express widt 
— 
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LACEY ON REGIME THEORY 
should enter the linear-resistance-law flow equation because the slope, S, is Ss 


involved. The value of R, the effective hydraulic 1 mean depth, is obtained "3 
dividing the cross-sectional — area, Bd, by the effective wetted perimeter, — 


this point is of importance in all model work, Po Le te 


§ir Claude'* has added the sediment load as to the regime 
equations. The variable, m, is s retained but, in n addition, the terminal velocity a * 


The following equations, or formulas, should noted 
® because they all involve the discharge and the sediment load— oe 


G£.0 lo cram iw | el vines wi hate 


W t. gue 4d) 


Eliminating X XV, from Eqs. Ma, and 14c, wi 


Eqs. 16, which are independent of sediment load, are of and 


The comparable equation of Blench,? 


* in which s is a “practical side factor” incorporating the smooth or coherent >a 


texture of banks does not apply to a channel which has been formed in loose, 7 
incoherent alluvium and whose banks consist of material the 


§ “The Effect of Variations of Chu and Grade on the Slopes 


— 
— 
} 
— 
using 14, the grade, the terminal velocity, and the bed load can 
eliminat | 
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LANE ON REGIME THEORY 
channel and thrown down at the sides by secondary flow. Mr. Blench’s te 
side factor is ‘applicable | in nature because the banks may ‘be ‘composed of a 
, material different from the transported alluvium, but it does not apply to the — 


verified. However, when the bed material is formed of medium sand, Mr. bt 
-Chien’s data lend support to the power of 0. aPF Eq. 6 also | lends support to , 
the power of 0.5 for the value of V, which, in this instance, varies as the diam- 

eter. _ The problem is to verify that this equation is correct when applied ‘ 


coarser material because it is possible that the final relationship that is derived — 7 


ails 


Mr. Chien has done a service to the profession i in alining the work of Hans 
& Einstein, M. ASCE, on mn the bed- load function with the regime ‘theory. 
he valuable paper of Messrs. Leopold and Maddock'* should be studied by _ 
o ‘gia desiring to review the field of investigation. Iti is gratifying to note that — 
the regime theory is of interest to research workers i in the | United States. It is _— 
hoped that formulas of physical significance may eventually be derived from _ 


Emory Ww. ‘Lane, M. ASCE. —A contribution has been by 


of canal design in the plains region of India, which has been very helpful in 
solving many problems of stream control. ” However, the method has Vin 
proved to be generally applicable and, therefore, it has not been used widely — 
in Egypt, the United States, or even exclusively i in India™ zelycatol 
4 colt The writer believes that the principal weakness of Mr. Lacey’ 8 srelationships 
is . that they do not include the concentration of the sediment as a variable. __ 
_ Some engineers of India, including Sir Claude and Kanwar Sain, M . ASCE, i 
believe that sediment concentration should also be considered. In « comparing 
the results of the bed-load relationships, the author found the value of ivr to. 
be a function of the sediment concentration. " However, the writer would urge 
an more limited application « of ther regime theory than that which Mr. Chien’ “a 
third conclusion considers—restriction of the formula to India and Pakistan— 
because there are parts of India and Pakistan in which conditions differ from 
- those in the plains sections. The writer would further limit the theory to 
_ the plains sections in which the relationships were developed or similar condi- __ 


tions. Even in these plains sections, conditions may change because of = 


4 “The Prevention of Silting in Irrigation Canals, R. G. Kennedy, Minutes of Proceedings, Inst. 
of C. E., London, Vol. 119, 1895, pp. 281-290. 
“"The Canal alley of the Hirakud Project, by E. P. Pilla ‘and K. Cc. ‘Thomas, Indian J Journal of 
Power and River Val Desdopuent, Calcutta, indie, rol. 4, No. 10, 1954, pp. 59-64. 
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which has been in progress since R. G. Kennedy proposed his equation in 1895.” j 
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sediment concentration in the canals from reservoirs. There- 
fore, calling attention to the limitation of the regime relationships i is of ail 
ticular importance fox Yo eafiget 

Asa a result of the experience i in the Imperial Valley (California), where re the” 


reservoirs and sediment-control works materially altered the regime of the 
; a canals, similar changes can be expected ir in canals i in ‘India and Pakistan. In In z . 
‘the Imperial Valley, the slopes. of the canals were reduced as much as 
_ thirds and depth was increased as much as 100%. Extensive protection of — 
yA existing drops and the addition of numerous new “drops | were required. F AL 
@ though they may be less severe, similar changes will occur in India and Pakistan a 


when reservoir water is introduced into the canals formerly carrying heavy = 


‘The 4 assumes that the bed- load function is reliable ond that, when 


the results obtained by the use of regime relationships differ from those ob- 

tained by the use of the bed-load function, the regime relationships are in error. 
This is understandable because. of the author’ s extensive experience with ‘the 
- bed-load function, but it may not be convincing to those who have had con-— 

_ siderable favorable experience with the regime relationships and little or no . 
experience with the bed-load function. The writer believes that perhaps | the 
greatest need in the cadiensnt-onaiiaiuion field is extensive field measurements — 
of the quantity of sediment transported in channels under a wide range 7 
- conditions, y with. which the relationships pro oposed by | Mr. Einstein and others _ 


: time: (1956) the engineering profession has as much knowledse of sediment 
_ transportation as it had of the flow of water in . channels a at the start of the 
twentieth century. "Papers containing extensive data on sediment transport, 
P comparable to those by E. Ganguillet and William Kutter,” Fred C. Scobey, m 
_ and Ivan E. Houk,* in the field of channel flow are needed to evaluate present 


‘formulas and to devise better ones if these formulas are not adequate. 


bus of al 

in which the bed diameter, was in inches. This Was later 


are in approximate agreement with the relationship, to ad 


| 
by E. E,Gan- 

% “Calculation of Flow in Open Channels,” by Ivan E. Houk, in “Technical Pe. Miami 


‘reduction sediment 10ad in the water of the Uolorado River Dy means 
Py 
| 
— i 
— 
| 
_ the flow of sediment quantitatively, as the flow of waterishandled. 
— 
| 
= 


Mr. Lacey did not advocate the use of of this relationship perhaps 


‘did not prove feasible when it was | applied to the value of fyr. 

In selecting relationships for \ use in irrigation-canal design, engineers en 

gaged in perfecting the science of canal design should keep the objective in 

m mind—that i is, the canal which will be the most economical from the stand- 

7 points of initial ‘and maintenance. In order to minimize . maintenance, : 
the canal must not be subject to deposit and scour in large quantities. ‘The 
regime theory of design was evolved because its aim was to provide freedom ’ 
from both scour and deposit; it did not consider the element of first cost. _ 

_ As knowledge of sediment transportation increases, it may be possible to find — 

3 channels of lower total cost (first cost plus maintenance) with characteristics — _ 

_ somewhat different from those of channels that would be naturally formed by 
water flowing under equilibrium conditions. _ The regime relationships were 7 
developed because the maintenance problem, usually due to _ deposit, took 
precedence over the matter - of first cost. The regime approach then ‘offered - 

7 the only means by which the problem of sediment deposit could be successfully — 


 -Howev er, in cases wT clear water from reservoirs, the problem of deposit is 
_ eliminated because, if scour is prevented, there will be no sediment to be de- 
3 posited. The analysis, therefore, must be to develop channels free of scour, jo 
3 and the » relationships f for these e channels are likely to differ fr from those obtained — ae 
by means of the usual regime methods. clear water, ‘disregarding bank 
rs sloughing, any combination of channel width and depth which will not scour = 
will produce a ‘stable canal. Such canals will | allow more flexibility in the 
Bs ‘selection of sizes than canals carrying x sediment. ‘The lower s slopes that can be _ 
used will, in some cases, make possible the command of wider areas for the same ; 
7 canal length and the production « of greater hydroelectric power. It will thus : 
change appreciably the analysis leading to the determination of the most a 
i, The science of canal design has not yet attained this degree of perfection. 
- However, with additional study, it can probably be re ‘reached in the future. 


_ Mr. Chien’s paper is a valuable contribution toward making this type a. 


BLENCH, ASCE —Bince the publication of the. regime theory a 

in 1929 , the writer has had | continuous experience it in using, analyzing, ‘and E Ay : 

‘amending it slightly; he has also extended its application 1 to rivers. Justice A 
- cannot be done to the theory without a knowledge of its prolonged investigation — c 
by the Irrigation Research Institutes and individual engineers of India, 
recorded in publications ; such as the Annual Reports. of the Central Board of 
Irrigation and papers of the Institutes. Therefore, although the writer dis- 

agrees considerably with Mr. Chien, he can compliment him on a constructive 

and painstaking analysis of the matter at his disposal. a: 


Mr. Lacey’s regime theory cannot be expressed in terms of f Eqs. 1, 2, ae > i 
; 3 because the he theory was was developed i in terms of a single “‘silt factor,” Fy and 


= Cons. Engr. and Prof. of Civ. Univ. of Alberta, Edmonton, Alta, Canada. 
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the and j frs, were not used. The ‘may be by 


20 are necessary sufficient to fit the three of self-adjustment 


of types of channels that are considered. theoretical. 


f following equations, deduced algebraically from the basic equations, are useful: 


For practical design 


a by the central government (India). In 1932 the tht 
of the United Provinces issued canal-design instructions in terms of the equa- 
tions.?” However, it was evident that some secondary corrections were needed. 
“For example, although Lacey-designed channels would flow i in regime, their 
« although all Lacey | channels were ‘regime channels, not all regime. channels — 
wee Lacey channels. Channels were designed as trapezoidal sections because 
-° _ they would retain approximately that shape; yet the design charts for trape- 
<  goidal -channels*’ stopped at the lower limit of approximately 4 cu ft per sec 
4 eich the equations gave unreal dimensions below that limit despite a a°¢ 
number of normal channels flowing from 1 cu ft per sec to 2 cu ft per sec. 
_ When Mr. Lacey proposed that the “ideal” channel was probably of elliptic 7 
- section, in order to solve the problem of limiting discharge, engineers observed 
7. that, for any one case, his equations enabled the choice of either a half ellipse — f © 
_ with a horizontal major axis or half the same ellipse with a horizontal minor b 
4 axis, which had never been observed in nature. in the province of 


— 

4 
There are other possibilities, including Eqg.2. ic 
x 

Ge “Regime Diagrams for the Design of Canals and Distributaries,” Irrigation Branch Paper No. 1, 

‘United Provinces Public Works Dept., Allahabad, India, 1932, 0 Li 
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BLENCH ON REGIME THEORY pee 
"Sind (india) concluded, after. exhaustive: the power of 1/2 
a in Eq. 20c was correct but that the value of a was different from 2.67; the re 
channels had relatively low values of Despite these objections, engineers 
used the equations with certain precautions—for example, in a definite sequence _ 


80 that errors, if there ¥ were any, would only affect dimensions of little im-_ 
por ance. to ‘fd Soy buol-bed ei dotdw 

tel The Irrigation Research Institutes of the various provinces conducted pS 


extensive field investigations of the ‘Tegime theory. | In the Punjab men were 
intervals of a few. days over periods. of ‘ 
fs or three years. Considerable ion was spent in producing alternative 
_ formulas, particularly i in terms of the sediment diameter rather | than i in terms — 
of f, as discussed by Mr. Lacey? daabive al si 


te Punjab Irrigation Research Institute attempted to verify the Lacey — 
-Telationshi 


equations, such as Eqs. 22, and to check whether identical f-v ha resulted — 
--- each equation. The result was that the values of f from the separate 
equations were "different but they were functionally related. This caused | 
analysts to give suffixes to the differing values according to the equation from 
which they came. It would seem that the author may have incorrectly used _ 
_ such suffixes i in Eqs. 1 and 2. Two interesting results were as follows: (a) The — ; 
f -value from Eq. (22a) varied approximately as the square root of that from — 
Eq. 20a; hws (0) te f-value from Eq. 21b varied as an inverse power of that 


‘smoother than with | small bed factors. This is a paradox arising from 


Aad . The confusion about different f-values was caused by the fact | that there 


are different phases of flow along the sides and the bed; therefore, the use of a 
f-value for the entire perimeter is inadequate. Assuming a single f- 
value to be adequate and analyzing the systems of canals were equivalent to 

averaging out the “Telative importance of side to bed. resulting equa- 
. tions would refer to a physically possible set of channels but not to all channels. — 

_ ‘The writer found how to split the f-value into the side and bed factors,** and — 

C. King® introduced the width-to-depth ratio into the slope relationship. - 


The equations to replace the original Lacey ‘equations are most conveniently a 


100 ot 


vad 


— 


‘Practical Desi for 103. Irrigation ( Channels, "by Cc. King, Annual Report ( (Technical), 
> tral Coptend Beard of Ise ITig. la. India, 194 > =" 
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in which b is breadth, 1 Pri is F, is side factor, v is kinematic. 


pomouper « a éai, 3.63 (7 Vb (1+ 14. 


a in . which Cc is the bed- load charge i in thousandths o of 1% by weight of ii idee . 
¢ flow and 233 is a provisional constant. The reasons for the introduction of 7- 


charge and its limitations will be found in papers by the writer and by R. B. a 


‘The bed and side factors, 1 as defined b by , Eqs. 23 and 24, replace | the Lacey 4 
value of a When derived equations are compared with h the | Lacey Tegime — 
equations, it i is evident that the changes do not affect the indices of measurable — a 
_ variables in any of the Lacey regime equations. Also, the a-value of Eq. 


20c appears as the ratio of the bed factor to the side factor, which explains — 


the nontechnical to bed. 
a-value appeared in the various derived regime equations to different powers, 
a the functional relationship « of the different | f-values i is explained. The values 
4 of p and R had to be replaced by values of b and d when the sides and beds 
oo _ were considered separately instead of the wetted perimeter as a whole. © ‘The 
a of Eq. 25 was not apparent in the original regime theory. 


to § that, in the of the regime theory, Mr. ‘Lindley set 
~ forth the fundamentals and Mr. Lacey produced the dynamically satisfying 


Behavior of Canals and Rivers,” by T. Blench, Butterworths Scientific Publications, Lon- 


don, 

= ® “Regime Formulas for Bed-Load Transport,” by T. Blench, ‘Proceedings, I International Assn. for on 
ae “Analysis of Bed-Load Data,” by R. B. Erb, thesis presented to the University of Alberta, at Ed- 
_ monton, Alta., Canada, ir in 1 n 1955, in partial fulfilment of the requirements for the — of Master of Science. _ 
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CHIEN ON REGIME THEORY 


as The bed factor, , which is practically the f-value free from side effect, " 


7 is a definite function of sand size and of charge (ratio. of ' weight of bed load ad oe 
unit time to w ater weight per unit time), even in flumes with rigid sides. 
Eq. 26 for regime slope is indicated when there are dunes. 
3. Ww hen dunes vanish and flow becomes supercritical, “the: bed factor 
Thy: 
retains its significance. However, the relationship may ‘suffer : a discontinuity 


Fig. 5 is presented*+* in 1 support of items 1 and 3. In Fig. 5 ther relative 

" bed- -factor excess is the ratio of the bed factor minus the bed factor at a vanish- on 
_ ingly small charge to the latter quantity, whose value is exceedingly close to — 
_ Mr. Lacey’ s empirical value of 1.9 times the square root of the mean particle — 
_ size in millimeters. . However, Eqs. 4, 5, and 6 would make this value zero 
instead of Mr. Lacey’s empirical value—which is confirmed by flume experi- | 

Mente within fair limits. Presumably, Eqs. 4, 5, and 6 have been deduced from 
- some theory concerning bed-load charges; they ‘could not have been derived » 3 
_ from Mr. Lacey’s regime formula data as those data did not include charge. _ 
Nine CuIEN,® A. M. ASCE.—The writer shares Mr. Lane’s -Tespect for 

_ Mr. Lacey who developed a set of empirical rules useful in designing stable o 
- channels i in the plains of India at a time when little was known of basic fluid 

mechanics or sediment-transport mechanics. Even though this set of rules 

was ; successfully applied to the Indian plains region from which it originated, — a 
it has not been generally accepted by engineers in other areas because of the: a 


wi 1. It omits the sediment supply as an independent v: variable, thus making — 


‘difficult its physical comprehension. 


‘It fails ‘to apply empirical or rules for determining the 


oe made or on the basis of experience which, | in itself, is a loose term with little mean- 
f _ ing for engineers who have never worked in the Indian plains region. 
8. It presents rules which have—as any other empirical rules—a limited 
application. These limitations have not been indicated in a clear and defi- ; 
nite terms, and engineers do not know under what conditions these rules can 7 io 
or cannot be applied. According to Mr. Lane, this limitation of applicability 


is ‘more serious than is generally known, 
_ If these weaknesses had been properly corrected at the outset, the regime 


theory would be more widely used in the field of hydraulic engineering and 
ona larger scale in the areas where it can be e applied. Unfortunately, some 
7 followers of the regime theory, because of successful pint Atmore in the Indian a 


¢ plains region, have become dogmatic in the application of the theory. Instead — 


— 


4 a | Prof. of Tsing Hwa Univ., Peiping, China. bull bo @ 
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of investigating the limitations of the rules, perenne assume that ae are — + 
Bes laws with universal applicability. Without taking advantage of the vast 
amount of available flume data on sediment in order to determine 
the effect of the sediment supply | on thes 
@ngineers discredited the usefulness of the data in many re- 
- spects, covered a range of conditions much wider than that of the regime = 
“a theory. _ Supporters of the regime theory believe that only this theory can be & 
"successfully applied to the solution of river problems, and that only engineers 
v _ experienced i in the application of this theory are qualified for this work. This 
attitude misleads beginners, confuses issues, and discredits the regime theory 


Mr. Lane has questioned the writer’s justification for having evaluated 
a the regime theory on the basis of another theory. | The writer was convinced © -' 


a istics of the sediment. _ After many trials, it was found that, in using the hati 

load function and i in expressing the : sediment supply by the sediment concen- 
tration, a unique relationship between the silt factors and the size and concen- 
tration of the sediment was revealed for conditions in the Indian plains region. 7 s 


_ Because o of the limited range of sediment size (from fine to medium sand) —. 


4 comparatively narrow range and could be accurately selected from experience. Be 
= If this unique relationship had not been established by! means of the bed-load > - 
rol method, thus demonstrating the usefulness of the regime theory in that area, 
3 this paper would not have been written, 
On the other hand, the bed-load function also indicates that the premtaen 
— ship between silt factors and sediment characteristics becomes a function of — 
the hydraulics when the conditions, especially the sediment size, are different — 
- from those existing in the Indian plains region. — Regime theory is, after all, = 
a. set of empirical rules originating in the Indian } plains region and cannot be , 
- assumed to apply outside that region. © However, because the development of 


sediment transport because the constants involved were determined 
_ & wide range of conditions (for example, particle size from fine sand to gravel), a 
there is no reason why the bed-load function should be applied only toa river 
with: a fine-to-medium sand bed and not to a river with a bed of coarse sand — 

or The conclusions presented were based on these se assumptions. : 


A. Einstein,* M ASCE.- —Before leaving the United States, the 
; author authorized the writer to answer additional comments referring to 4 


__- The discussions by Mr. Lane and Mr. Lacey were based on the understand- | 


ing that the author attempted to find a bridge between the regime theory and 
the bed- load approach to problems of sediment transport. _ The discussion by 
i “The writer believes that both methods ‘attempt to describe the pen ‘phe- 4 
encore and, for that reason, they are comparable; their approach is different, ' 
— 


Prof. of | Hydr. Eng., Univ. of California, Berkeley, Calif. 
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fluid dynamics peers (b) empirical formulas only in cases s whese the oral = 

effect of the solid particles necessitates their use, but these formulas are in in ¥ 
= troduced only if they are physically explainable. is placed on phys- 

ical analysis and on a growing range of applicability. Mr. Blench has noted _ 

_ limits of applicability for some of his formulas and constants. The bed- peed 


> function is made complicated not only for discussion purposes but as a means ~ 
= of describing changes it in formulas which become necessary as the range of = 
conditions is enlarged. At present (1956), the range of applicability for the 
: bed- load function is wide, but it needs further widening, = 
‘he regime theory, on the other hand, is still a set of empirical equations, — 
- ‘stated by Mr. Inglis, * and | becomes increasingly c complicated. In con- 
- trast to the bed-load function, no attempt i is made to use e general fluid-dynamics 
equations. _ An effort has been made, however, to clarify the dimensional side _ 
of the equations, which become increasingly complicated and which will result _ 
in being identical to, or at least equal in content with, those of the bed-load 7 
function because they both describe the The  complica- 
_ tion is, therefore, inherent in the problem. 
“might question n which is the better ~The believes 
that such a general question is misleading and believes that both methods — 
apprenth must be developed simultaneously. According to their separate 


and complicated: method of the bed-load function would better provide “—_ 
> general description of the problem, which incorporates a a variety of conditions 
7 nto a u nified form. The empirical methods, however, should be as 3 simple | 
and as easily applicable as possible, even if the field of applicability for any 


of constants and exponents becomes somewhat reduced. a ‘set of 


in order to cover the range of conditions; and (b) the approximate, simpler 
% equations for performing the practical computations, using the appropriate _ 
a constants for the case in question. ong hax 


Ez... 
q a 
By 
q 
a 
= 
The writer believes in having two such sets of equations available and in 
| * using them as follows: (a) The more general and more complicated method $$$ 77 
finding the constants which must be inserted into the working equations 
| 
| 
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a METHODS OF DETERMINING CONSUMPTIVE 
pe (OF WATER IN IRRIGATION | 


Discussion By Messrs. Don M. FoRESTER, AND AND D. GoopricH 
: s Attention is drawn herein to some of the early investigations of the “duty 
_ of water” in irrigation. m. As knowledge was acquired in in this field of ayn 
‘attention became focused on the “consumptive use , of water” 
_ transpiration.” of Standard methods of determination of rates of consumptive 


measure farm use and use of water is examined. ala 


nti Investigations concerning the consumptive use of water by crops grown ~ 
on irrigated farms have been - conducted by state and federal agencies since 
ae 1900. — Because of the constantly increasing g value of the water used 
and of the crops produced, such investigations should, and no doubt will, 7 : 
_ be continued indefinitely in order to increase irrigation e efficiency \ with improved — - 
Early studies in this field of research concerned the ‘duty of water” on — 
_ irrigated farms and projects. Among those making such investigations were 


Ew ood Mead (1)? and John A. Widtsoe (2). Inhis early | practice i in irrigation | d 


_ engineering the writer made considerable use of -Teports by Don H. Bark (3) | 
Many o other contributions to the knowledge of the duty of water and the | 
consumptive use of water, such as descriptions of original research and experi- 
mentation, or explanations and examinations of the work of others, are found ! 
in standard textbooks and reference books (4) (5) (6) (7) (8). These also 


Nore. —Published, essentially as printed here, in February, 1956, as Proceedings Paper 884. Positions 
wa titles given are those in effect when the paper or discussion was approved for publication in in Spemmnemnael 
Eng. Consultant, Upper Colorado River Comm., Grand Junction, Colo. 
ill Numerals i in parentheses—thus, (1)—refer to corresponding items in the Bibliography (see Appendix). — 
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CONSUMPTIVE USE 
Fo ER and discussions published by the | Society (9) (10) (11) (12) a 
(18) (14) (15). All these sources and several others, including bulletins of 
4 the United States Department of Agriculture (16) (17) (18) (19) (20) (21), 
paper, therefore, is a review and summary of work by other 
investigators with whose books, rep reports, or the v writer is 


_ and which were available for reference. _ 


of The term, “duty o of water,” ” refers to the relationship of the area of a 
served by a § @ given quantity y of water. Sidney T. Harding, M. ASCE (5), drew 
_ attention to the fact that a high duty of water is associated with a small amount ; 


avoid the confusion which often arises from such i by mubotiteting 7 
the expression, “(water requirement,” which applies to the number of acre-feet = 
of water necessary to maintain a given crop per acre of land irrigated. 
wh ‘expression i is clear, but its use has been largely superseded by the term, “con- 
use of water,” which was introduced by John E. Field (10). 
ent ‘Consumptive use of of water ‘may be be defined (12) (16) (17) as: 


a « ‘The sum of the volumes of water used by Pes vegetative growth of a 
given area in transpiration and building of plant tissue and that evaporated — 
from adjacent soil, snow, or intercepted precipitation on the area in any 
specified time, divided by the given area. ” (11) nad 


ma % usually expressed in units of acre-feet per acre per year (and some- 
times per r month) for the locality and crop, or vegetation or area considered. 
It is measured in various ways, such as by lysimeters or tanks, on experimental 
plots i in selected fields, on a whole farm, , on an irrigation project, or on the 
and projects ins a river valley. ~The determination of the consumptive 
use of water for the entire drainage basin of a river system is often required— — 
Bek example, the consumptive use of the Upper Colorado River Basin (which “ 
includes the Green River, the Colorado River, and the San Juan River in a 
Colorado, New Mexico, Utah, and Wyoming), which is required by the terms | 
of the ‘Upper Colorado River Basin n Compact ¢ of 
my ts should be obvious that consumptive ‘uses will vary for different crops. 7 
For any given crop the use will vary from year to year, and from one looslity 
_ to another, with the length of the growing season, the average temperature, : 
- the precipitation, and the humidity. In addition to these climatic factors, : 
there are many other factors which are also important, such as the character, — 


awe, and treatment of the soil, and the practice of the irrigator applying 


the water. Because the iiedbing « definition includes water evaporated from 
= the | soil surrounding the plants which constitute the crop, or other vegetation, = 
as well as the water used and transpired by the plants themselves, the term, 7 


 “evapo-transpiration,” is considered herein to be synonymous with the term, © 


Several methods | have been used to measure consumptive uses of water by 
crops and by native Among the useful of these methods 
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ae are soil ‘moisture, lysimeter, tank, and field-plot experiments (ground-water 


fluctuations, evaporation-pan records, the integration method, inflow-outflow 

‘measurements, effective heat, and the correlation of water use with climatolo- 
gical data). Some of these methods depend on the use of results obtained _ 
in previous work, and only a brief description of any method can be given A 


within the limits of this review. ay en 


> Soil- Moisture method “applying s soil-moisture 
 (abistninalions to the measurement of evapo-transpiration is best ada .pted to 
_ experiments in which the total quantity of water made available to the plants 7 
7. or crops: used in the investigation can be measured either as natural — 
tion or as water artificially applied for irrigation. If there is a water table at _ 
8 measurable distance below the surface, it should be at such a depth below 
_ the root zone that the plants cannot obtain water from the capillary fringe ; 
but will use only that water which is applied s at the st surface. Hence, if heavy 
rains occur so that deep seepage will result after a storm, or if an excessive 


measured or estimated and "proper | corrections ‘made. In localities where 
- practically no precipitation occurs during the growing season, this method i is 


well adapted to obtain ‘Teliable ‘measurements: of consumptive use. 


Mg samples are usually taken before and after each on and the moisture 


the plots can be selected so as to be Meiceae by similar crops tage vegetation. E 


_ most n natural conditions for accurate results (6) (9) (11) (19) (21). age Xe 
Tank o or r Lysimeter Experiments.— —W hen lysimeters were first used in 


experiments to determine the consumptive use of water, the results obtained 


The experiments should then reflect the consumptive use of water under “ 


the largest practical size should be used and they should be is so as to be 7 


bes oma by the natural conditions of local crops ¢ and vegetation, , undisturbed 4 


"movement of ground water if the presence of such water is made a part of the a 


Program. The accurate means of determining evapo- 


x transpiration when this method is used is by weighing (6) (11) (19). _ However, : 


be this is not always practical with the largest tanks. In experiments conducted 


by ‘Ralph L. Parshall, , A.M. ASCE (20), to determine the rates of evaporation ¥ 
from saturated soils end river sands, Mariotte tanks were ‘successfully used 
control water-table elevations. 
Ground-W ater Fluctuations. -—When considerable a1 area of irrigated land 
is relatively flat and when there is an adequate water supply, it is sometimes - 


q possible to estimate the average consumptive use of water for the area ae 
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a L did not always give full details of the conditions or pro = I 
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analyzing the fluctuations i in n the elevation of the ground-water paeeeg After _ 
_ irrigation practice becomes well established, the ground-water table is usually — 
_ somewhat higher than it was formerly. If there is a continuous inflow of — 
_ underground water into the area and if capillary water is within reach of the | 
root zone of the crops, recorders may be set : at observation wells in order to 
obtain continuous records of the variations in the level of the water. — By 
making the necessary allowances for irrigation water and precipitation and 
F knowi ing the specific yield of the soil, it is possible to estimate ) the consumptive © 
use for the area (6) (9). This method has been used with 1 very satisfactory os 
results i in Arizona, California, and Utah (11). 


ml Evaporation Pan Records.— Occasionally, « one may need to estimate the 


pa losses of water from swamps or other low areas having vegetation that uses 
water heavily (phreatophytes). If evaporation pans are installed in such 
areas, it may be possible to utilize the evaporation data ovtained to estimate 


all other methods, to take account of precipitation and irrigation 


the area; a factor depending on judgment or experience ; 


would also have to be applied to the observations. _ However, helpful informa- pu 
_ tion may be obtained for comparison with other data from similar areas (6). — 
= ntegration Method. —The determination of consumptive use for a variety 


of crops and native vegetation, made by the foregoing method or other 


a - methods, is required when the integration method is wee to obtain the con- a 
sumptive use of water on a farm or irrigation project. In certain cases this 
- integration method has been used with satisfactory results to obtain project 
rates and even valley rates of consumptive uses. 


To apply this method in a valley, having previously secured | the rates of -* 
“eonsumptive use for the various crops, one must obtain the acreage of each — 
erop and of the pastures and’ incidental | areas, together with the total area of 
_ each classification of the land use in the valley. Then, the sum of the products — 
of the total area of each type of crop (or other class of land) and the average 2 
rate of consumptive use will give the total consumptive use or stream depletion ‘" 
; in the ) valley. 2 This total depletion quantity, divided by the total area, gives I 
ie the weighted average rate of consumptive use (9) (10) (11) (18) (19). The — 
foregoing description of the integration method may be an oversimplification 
When applied by different individuals o on different irrigation projects, the 
results may not always be properly compared. — In a given valley there may 
be several irrigation projects, but annual records of the areas under cultivation : 
_ may not be kept on exactly the same basis . The average in one case may be 7 
_ based on the acreage of ‘the actual crops, excluding : areas which include houses, _ 
- barns, corrals, ditches, roads, and similar features, giving the evapo-transpira-_ 
tion rate for the net area cultivated. _ On another project the total amount of — 
depletion computed may be divided by the total area of the project, thus 
2 _ Therefore, it is desirable to give ‘the | fullest explanation of all details in 
reports so that the results can be used to check and | compare with data ob- ; 


ad other methods or in other areas. ‘the purpose of 
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results by the integration me method have been al, ei value in 2 connection 
investigations in the Upper Colorado River Basin (17) (18). 
ty Inflow-Outflow Method—In theory, the inflow-outflow method , when 
ores to the determination | of valley consumptive | use, requires the actual - 
‘measurement of all water entering the area. This water should include both — ié 
surface and subsurface inflow and precipitation, especially that falling on the 
7 valley floor, and should also ) include quantitative ¢ data of any material changes 
in the amount of storage in the ground-water reservoir in the area. The © 
_ difference between the inflow and the outflow (both surface and subsurface) 
plus the algebraic difference between ground storage at the beginning and and wall 
Sy end of the experimental period gives the consumptive use in a given area. 
terms this can be shown by Tae 


te 


I denotes the inflow; R represents the effective rainfall on the valley “aa 
Q is the quantity of outflow ; and G, and G, are the volumes of water in ground 

storage at the beginning and end of the period, respectively. 


_ All the quantities in Eq. 1 are given in acre-feet. Harry F. Blaney, M 


ASCE (11) (19), has noted that any change i in | the : amount of of capillary water s&s 


_ The inflow-outflow method, or some modification of it, has been used aa 


‘numerous engineers, such as Mr. Blaney, Wayne D. Criddle, John R. Erickson, — 
Harding, Francis C. Hart, A.M. ASCE, Charles H. Lee, Robert L. Lowry, 
Arthur F. Johnson, A. M. ASCE, Karl V. Morin, Royce J. Tipton, M. ASCE, ~ 
and Ralph I. I. Meeker, M. ASCE. In recent years this method has been adopted 
: for use in connection with the 1 negotiation and administration of several inter- 
state river compacts, one of which was the Upper Colorado River Compact of 
1948. Typical results obtained by this method are shown i in | Table 1, , which 
has copied from Table 5 of Mr. Blaney’ 8 paper (11a). 
_ Correlation Methods.—The correlation of consumptive uses of water with 7 
certain climatological factors has been successfully developed. | by "several 
"investigators. Charles R. Hedke was one of the first to use the “effective 
(or number of -day-degrees) available to agricultural crops during 


Mr. Hedke’s ‘method, but. to ‘state that he ‘used it as early as as “1916 
_ with gratifying results during investigations made in the Poudre River pall 
and ‘San Luis Valley (both i in Colorado) and i in 1 the: Rio o Grande Valley i in New ; 
_ The many years devoted by Mr. Blaney to constant research with a similar 
approach to this problem have resulted in a useful and reliable method which gi 
many applications. Results « obtained by his method have been checked a 
by other methods in several instances with Satisfactory agreement. — The 
writer is more gaily with this method than with any other ever since the 
er 
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Compact Commission in 1948. In this report, they state: 
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‘mean monthly temperatures, percent of hours and precipitation 

ae for the frost free period or irrigation season and for the entire year. The © 

-— eoefficients so developed for different crops are used to transfer consump- 
tive use data from one section to other areas where only y climatological — 


_ This method was more fully | described by Messrs. Blaney ie riddle (17) 


ia 2 (t) by the monthly percent of daytime hours of the year (p), there is ob- 
tained a monthly consumptive use factor (f). It is then assumed that 

TABLE 1 or VALLEY Consumptive Us oF WATER 


— 


Blaney-Rohwer® 
Blaney-Rohwer® 
Tipton-Hart® 

Blaney-Morin® 
Blaney-Israelsen® 
Blaney-Israelsen® 

Blaney. Morin Griddle 
Blaney-Morin-Criddlee 
Lowry-Johnson¢ 


San Luis Valley, Colo 1925 to 1935 664,900 
San Luis Colo 685,423 
San Luis Valle 1930 to 1932 — 26,215 
Isleta-Belen, 1936 38,700 
Mesilla Valley, N ’ 1919 to 1935 297,756 
Mesilla Valley, N. Tae 1936 y 303,683 
Carlsbad, Mex 1921 to 1939 | 129,752 
Carlsbad, N 1940 119,898 
1939 to 1940 | 

. .| 1938 to 1940 | Lowry-Johnson¢ 
Uncompahgre, Col 1938 to 1940 Lowry-Johnson¢ 


«See Bibliography (lla). “Water Utilization, Upper Rio Grande Basin,"’ by Harry F. 
7 Blaney, Paul A. ‘Ewing, O Israelsen, Carl Rohwer, and F. C. cobey, National Resources mmittee, a : 
-Washin ton, D. C., February, 1938. ¢‘Consumptive Water Use and Requirements: Report 4 
of the articipating Agencies, Pecos River,” Harry F. Blaney, Paul A. Ewing, Karl V. Morin, and 
_ Wayne D. Cniddle, Joint Investigation of the National Resources Planning Board, Washington, D 
June, 1942. “Consumptive Use of Water for Agriculture,” by Robert L. Lowry, Jr., and Arthur FE. 
Johnson, ASCE, Vol. 107, 1942, p. --. 


= Conse of the of consumptive use factors for 
of the products of mean monthly temperature and 
monthly per cent of annual daylight hours (¢ X p). PTepieat 
K = Anempirical coefficient. 
= Mean monthly temperature in degrees Fahrenheit. Bgl 
Monthly per cent of daytime hours of the year, = 


=tXp= Monthly consumptive use factor. aol 
“py the of water by 2 a crop 
in some locality an estimate of the use by the same crop in some other i 
may be made by application of the formula. Table 1 gives a summary of — A, 7 
the consumptive use of water (U) by alfalfa and cotton in various localities — 


aon in the West as determined by investigators, together with the calculated — 


in another report in which the procedure 1s described aS 
**Nieglecting the unmeasured factors, consumptive use varies with the 
— 
4 
| 
> 
- 
Py 
consumptive use varies directly as this factor or, expressed mathematically, 
= 
ia 


aA In ten to supply the irrigation requirements of any new project it then va 
becomes necessary to estimate the acreage to be planted to each crop, deter- 
ag _ mine the unit use of water by each crop based on known use in other areas — 


and add the for all crops. This will indicate the 


TABLE 2. or CoEFFICIENTS, K, For Crops 
yELOPED FROM MEASUREMENTS: OF CoxsumrrivE Use 


4/18 to 11/10 
4/13 to 11/11 
5/26 to 9/9 
5/9 to 10/6 | 
2/10 to 12/3 © 
1941 to 1942} 5/1 to 10/5 
5/23 to 9/24 


| 
1985 to 10/31 
-| 1927 to 1930 /1 to 10/31 
sNormal 3/28 to 11/3 
19405 4/13 to 11/11 


we 


a 


.| 1932 to 1985 | 4/20 to 7/25, 
8/20 to 7/16 
5/13 to 


1 to 6 
4/1 to 10/31 
to 10/31 


to 9/30 
4/15 to 10/22 

5/1 to 9/31 


ch 


pep 
oom 


«SES 


Semel, Utah 5/17 to 10/6 
 Murrietta, Calif 1953 =| 4/1 to 10/31 
5/8 to 9/27 
5/15 to 9/15 
4/20 to 8/4 
8/1 to 6/30 
5/20 to 9/15 
iT: 
1925 to to 9/30 33. 91 
1925 to 1928| 4/1 to 10/31 
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total ‘consumptive use use for the (4). of course, be 
_ made for the use by native vegetation, water surface, evaporation a and other 
ss “ Agsumptions: In order to apply the results of any study in one area to | 
some other area, it is usually necessary to make certain minor a 
If sufficient basic information is available, some of the assumptions may be 
replaced by actual data, but rarely are all the data known in sufficient detail 4 “a 


for reliable use. In other words, the more data available, mn more accurate 
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assumptions must be made in the use 


The fertility and power of the soils are 
_ 2-—-Sufficient water is applied and at the proper time to maintain good 
3—The length of growing season, to a large extent, determines the pro- ry 


_ duction and annual consumptive use of continuous growing crops such as 
= 

: Brey 4—Consumptive us use of water varies directly with the consumptive use 


_ The method devised by Messrs. Blaney and 1 Criddle has certain advantages ws. 
"because the percentage. daylight hours in any ‘month for various latitudes 
are given in published tables (11). With these quantities taken for the = 


TABLE 3. —Consumrrive-UsE CoEFFICIENTS, K, For ‘IrricaTep Crops 


| Between frosts 0,80 to 0.85 


TRL 


ai 


Si 
alfe to 8 months 
Bmonth 
Grain sorghums to5 months 


Pasture, TASS ‘Between frosts 
Pasture, clover Between frosts 
toes 


31/2 months 
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temperatures taken from reports of the United States Weather Bureau, 
consumptive-use factors can be computed for almost any crop in any western “3 

location because reliable records of experimental determinations of rates of 
consumptive use for many crops and vegetative types are also available. a 
The necessary coefficient, K, can therefore be computed as the ratio of each 
~ observed value of consumptive use, U, by its corresponding : factor, F. _ Typical 
rates of consumptive use for various crops are given in Tables 2 and 3. (Tables iq 
and 3 are printed herein by permission of Mr. Blaney (19a). 
It is assumed by Messrs. Blaney and Criddle, as stated in 
‘that consumptive-use rates vary directly with the consumptive-use factor. oe 
‘The data on alfalfa | given in Table 2 were used to test the validity of this Me 


- assumption by computing the mean, M, the standard variation, S V, and the we 


“use, 
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the consumptive-use factor, F, and the crop coefficient, K. The 


_CONSUMPTIVE USE 
t. 

- gecotds shown fs in Table 2 are of ‘experiments made in seven different states 
_ with cons consumptive uses varying fro from less than 20 acre-in. per acre in California 
- to more than 40 acre-in. per acre for one year in ‘Texas. However, the co- 
efficients of variation, C V, of the sonmenngtine uses, U, and of the consumptive- 


“are for all is also shown by the 
that the crop coefficient, K, has a variation indicated by its coefficient of rs 
1%. ‘This shows extremely high correlation between the consumptive use 
for this crop » and the index of the heat available during the growing period. 
Once the coefficient, K, has been determined for any crop or type of vegetation, i 
its use on other T areas is certainly justified d within reason. _ Table 3 gives 
values of K, as s suggested by Mr. Blaney, for a number of the common crops 
‘grown 4 irrigation in the western United States. In using the consumptive-— 


“an 


Native VEGETATION AND MunicrpaAL AREAS 


Some of thes methods that have already been mentioned are available : for 
determining e evapo-transpiration rates from areas such as natural 
and pasture and also for large plants or shrubs, or orchards, and wooded areas. 
Consumptive-use rates for these areas are contained in several publications 


(17) (18) (19) (22). _ In addition, an 1 excellent report is available by wr 
Municipal areas are often considered as taking approximately the same _ 
evapo-transpiration rates per r acre as the Surrounding cultivated or native 
vegetation. Also available is a detailed and valuable report. by George B. 
7 © _ Gleason, A.M. ASCE (14), on the investigations conducted ‘‘* * * to determine ~ 
_a fair distribution of water rights in the Raymond Basin Area, of Pasadena, 
Calif.” However ver, the limited scope of the writer’s paper precludes examination 


of the foregoing papers, which should nevertheless be called to the attention -_ 


the Upper Colorado River Basin of 1948. 48, There are five com- 
‘missioners, one each from Colorado, New Mexico, Utah, and Wyoming; he 
t chairman is appointed by the President of the United States. The 
a is empowered to investigate each year the consumptive use or, more + % 
the man-made stream depletion in each of the aforementioned states and in 
: ‘the Upper Colorado River Basin as a whole, “by the inflow-outflow method.” ” 
Hence, the engineering department of the commission has spent much oe 
and effort i in the study of methods for the determination of the consumptive — 


“use of water in irrigation and of how best. to apply ‘appropriate n methods in 2 


determining man-made depletions of. stream flow in the upper basin of the 
_ The area of the upper basin is approximately 11 110,060 sq miles, or 70,400, 000 


acres. area is 000,000 acres more than the area of the San 
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y, ¥ which j is the l largest area reported by Mr. Blaney and Carl Rohwer, 
-M. ASCE (19), as having determined valley consumptive uses by the inflow- a 
a —_ method. | The irrigated area in this basin, however, is approximately p 

— 8% of the total area. _ It is divided into numerous subbasins, both large and y 
‘small, which are separated by long, deep, and magnificent canyons on tribu- 

_ taries as well as on the main stem of the river. There are nearly 300 streams of 

_ varying size on which approximately 600 gaging stations have been operated by 

- the United States Geological Survey (USGS) of the United States Department 

of the Interior { for periods varying from two to three years to as many as fifty ‘ 

= years. This does not include the large number of streams, from which many ; 
ditches take water but on which the USGS has never installed a gaging station. 

It has been estimated that t there are from A, 000 to 20,000 canals and ditches . 

- diverting water for use on an equivalent a1 area of 2 ,000,000 acres in the basin, } 

_ which gives an indication of the magnitude of the task undertaken in these 
studies. _ Because there are only from two ‘to three ground- -water observation — 
wells in the Upper Colorado River Basin, information on this source of inflow 
and storage is difficult to obtain. The records of annual discharge of the — 

& Colorado River at Lees Ferry” (Ariz.), which is near the outflow point of | 
the u upper basin, have been good ‘since’ 1923 when the recording gage was 
installed. However, with a limited number of rim stations, most of which | 
have much shorter periods of continuous operation, it has been possible to use ~ 
only. indirect methods to obtain data which can be used in applying the inflow- 
outflow method in the valleys of this river system. The attack onthisproblem _ 
has therefore been to develop inflow indexes which are used with pertinent — 

climatological factors in ‘multiple- correlation relationships. ‘These studies are 
‘not complete and, in fact, they may continue indefinitely as additional years 
of records become available and new facts are learned which tend to increase — 
‘the | accuracy of the inflow-outflow relationships that are being developed. 
‘Several problems must still be investigated, and as the investigation continues, | 
questions will continue to arise which willrequire answers. | 

s att Because interest in this problem—which i is among other problems considered _ 
by the Upper Colorado River Commission—seems to be rather widespread ae . 

. . review of some of the methods of determining the consumptive uses of 
water in th 


e west is presented, together with the special conditions governing — 


- the application of the inflow-outflow method to the measurement of man-made 


—— or r procedure by which to “make findings of fact’”’ as to theamounts © 
of man-made depletions either at Lees Ferry, located on the main stream of the 
~ Colorado River, 1 mile below the mouth of the Paria River (Arizona-Utah), or " 
in each state. _ Progress reports are made from time to time (of which this 
3 paper is an example), which are reviewed by the committee on engineering Y «a 
= advisers to the commission. When this committee makes recommendations 4 


to the commission which can be adopted for the application of the ‘inflow- 


J ae method, iti is hoped that the committee will also authorize a technical 1 
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’ = ad M. Forester? M. ASCE —An excellent resume of many of the studies, 
42 a the so-called duty of water in irrigation is presented in Mr. r. Goodrich’s 
paper. The many formulas and methods which have been developed 
the interest of the engineering profession in n developing a theoretical 
- means for the pr prior determination of the amount of water - required for i irriga-— 
tion needs. The majority of the studies cited by the author are principally ws 
concerned with the water requirement of plants | under various 
conditions of temperature, sunshine, rainfall, and other climatic factors. 
. _ Perhaps it is possible to arrive at an empirical formula which, when properly 
- applied, will give the correct answer for the previous irrigation season. There — 
are ‘many ‘methods and formulas (11) which a are thought to permit a fine 


determination of the consumptive use of water in irrigation; all givecomparable _ Ye 
aig Engineers, who have the problem of Aidgahng an irrigation , development, 
‘find i in most instances that complete information on the water requirement is | 
7 _ lacking. This is especially true for the semiarid regions of the western United — 
‘4 States. _ Consumptive-use determinations are only a part of the problem in — 
- 
arriving at the amount of water necessary for a successful development. : 
The total requirement includes—in addition to the consumptive ee 
tion, deep percolation loss, transmission losses, probable rainfall and degree of — 
effectiveness, and irrigator efficiency a ‘and conservativeness. 


depletion, after partial « or full 
envisioned by the commission, is even more complex. Depletion studies of 
° consumptive use, based on various anticipated crops and native ce Then, ; 
-— or may not hold true for more than one, two, or three decades. Then, | 
7 - too, there will be many other influencing factors which must be evaluated and Pay 
applied. All this serves to introduce the primary problem—that is, where = 
stopping place for refinement of the “arithmetic” and “judgment” factors? 

_ -‘The Bureau of Reclamation, United States Department of the Interior 

_ (USBR), has adopted and used the method developed by Messrs. Lowry and — 

_ Johnson (10) for determining consumptive use in planning irrigation ree: wal 
ments or projects. This method, which is one of the inflow-outflow procedures 
mentioned by the author, has theoretical shortcomings, but the consumptive- _ 

use| determination by this method compares favorably with that found by — 

b some of the more » recently developed methods. _ In the design of an irrigation 

4 system the total and peak water requirements are of primary concern and the 

consumptive use is only o1 one feature. Must the designer arithmetically refine 
: his ¢ consumptive-use requirements to the nearest tenth of an inch or one- 
om hundredth of a foot when he cannot determine his transmission and farm-waste 


.- much closer than from 5% to 20%, or more, of the diversion? Some 


* General Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, 


“if 
— “ 
— 
ia 
in 
4 
al 
: 
| m 
— 
= 
hh 
ct 
J 
a. 
> 
3 b 
4; 


“effective: heat units” during a an growing season based on 
- atures and the percentage of daylight hours. It is known that humidity 
_ directly affects the actual consumptive use of the plants. Also, the latitude | a 
and elevation in which the ] plants are grown have bearing on their consump- 
= use of water. It is generally recognized by designing engineers that 
the demand requirement | in high-altitude developments is greater than that 
in areas of lower altitude, although the temperatures are the same (or higher — 7 


in the lower areas). For refinement, this factor could possibly require otudies 


J 

use entail long, laborious determinations, of which 

can be, at best, no more than approximations. Although the method developed _ 

_ by Messrs. Lowry and Johnson is somewhat less s complicated than many other her 
methods, it, too, approaches a degree of refinement in computation whose 
realistic practicability could be questioned. Some of the components of this — +. 


TK . The picebitiens outlined to determine the limits of the j growing season. 
_ A more realistic approach would have been to use the running average of a 
consecutive daily minimum temperatures. The element of difference i in the 
_ b. The curve reflecting the relationship of consumptive use to effective pS 
_ heat has doubtless proved t¢ to be extremely | helpful to the designer of irrigation ] 
projects although there are | grounds for questioning the correctness of this a 
curve. For example, the curve was determined on the basis of the average of 7 
_ determinations made for each of twenty locations. - However, in several 
instances the basic data were arbitrarily ‘corrected by Messrs. Lowry and 
Johnson. The curve does ‘not the actual basic data; this 
in which: H is the effective heat i in thousand dey degre and U the 


__ be expresse 
ind 


come some of the criticiam that has been made of the paper b by M Messrs. renal 


+ = In general, the » distribution of the irrigation supply, based or on | the total 
diversion, : ranges from 30% to 40% | (or more) for canal waste and losses, sad 
from 35% to 457% of loss for farm waste on unlined or partly lined gravity — =e 
Thus, it is evident that extreme arithmetical refinement in con- 
sumptive-use requirements is difficult to justify, in view of the necessary 
approximated values for wastes and losses of, canals and farms . The foregoing — 
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ON CONSUMPTIVE USE 
observations, although made specifically in regard to the method developed 
by Messrs. Lowry and Johnson, are also generally applicable to almost all the — 
methods outlined in the writer’s paper. From the viewpoint of sound en- 

- gineering judgment, the writer questions whether the extreme refinements 
used in determining approximate consumptive-use | values are ‘justified 
designing a typical gravity irrigation system, large or small, 
D. Gooprics,‘ ASCE. —It should be noted d that the writer 

omitted Mr. Meeker from the list of engineers who had made 
effective use of the inflow-outflow method for estimating the consumptive nig 
_ use of water ‘in large areas. ¥ Further er examination of the literature available 4 


of the consumptive use of water during his irrigation engineering practice in a 
Colorado and Wyoming and that he has served on Society committees — 
dealing with these problems. ‘The writer very ‘much regrets this vu 
ie The pioneering: work of Messrs. Lowry and Johnson will always be <3 i 


Shy iiidinttes of the factors necessary for applying their method in a new: oii dif- 
; ferent area is also recognized. When consumptive-use studies were con- 
_ ducted by the engineering advisory committee for the Upper Colorado River _ 
- Basin Compact Commission, H. P. Dugan of the hydrology branch of the 
USBR in Denver, Colo., found that mean annual temperatures correlated 
very closely with the unit consumptive-use values found by Messrs. Lowry | 1 
and Johnson at thirteen locations distributed in six western states; Fig. ies 3 
shows the results of this study. _ An approximate formula expressing the re- 
oa lationship between the mean annual temperature in degrees Fahrenheit a sy 


the average rate of use of water in acre is 


Sh nd 


in Fig. 1 refer to the given in 1 of Messrs. 
and Johnson (10). The distribution of these areas is as follows: _ 
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ON CONSUMPTIVE —--— = 


ENGINE RS 


Mesilla wad le. New Mexico ond Tense pint 
Wagon Wheel Gap “A” Colorado birt enw eouley 


iN A report, which ‘“* * * gives the results of studies on the correlation of 
8 some climatic measurements and the use of water by crops * * *,” was a 


lished by the California Agricultural Experiment Station at Davis, Calif. (23). 


_ of water taken from the soil by plant transpiration and to the amount bevapo- 

rated directly from the soil surface. In other r words, soil-moisture determina- 
tions have been used to obtain the measurements of consumptive use in the 
investigations. The water that is used consumptively by various crops was 4 
correlated with the difference in evaporation | as indicated by white-bulb. and 
- black-bulb atmometers; curves and tables are presented showing the results 
obtained. Table 3 of th the report gives comparisons of the consumpti 
D for seven different crops as measured by soil-moisture sampling with consump- 

z tive uses computed by four other methods. — By using the first three en 


average, by only 1.1% lower than by soil-moisture sampling. 
Mr. Forester has drawn attention ‘to the fact that, in the of the 


Bocce of water actually used by the crops cultivated may be a nell part of , 
the total for which the main canal and | diversion structures must 


- desirable to o emphasize it moré than the writer did i in the paper. — 
_ Mr. Forester has also examined the method developed bby. Masons. Low ry 
‘and Johnson of estimating the consumptive use of water by irrigated crops 
tad presents his ideas concerning the practical application | of this method. a 
Therefore, any engineer contemplating the use of this method as an aid in 
: be “plying integration in the inflow-outflow method should consider Mr. Forester’ 8 
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H ON CONSUMPTIVE us 
The writer does not intend to recommend one procedure i in preference to , Bs 

‘ia procedures for determining the consumptive use of water in irrigation, 
‘nor does he wish to limit the use of such determinations to the design of irri- _ 
gation projects. _ Although the design of irrigation projects is a very impor 
tant element in the future development of the Upper Colorado River Basin, F 
“such design is not a function of the Upper Colorado River Commission. © A 
few of the engineering functions of the commission are described under the 


headings, “ ‘Upper Colorado River Basin” and “Conclusions.” 
a explanation should be made of the refinements used in d determining 
approximate. consuraptive-use values in | the engineering studies of the com- 
mission. AS has already been shown, ‘the determination of ‘consumptive-t use 
values was not made to design a typical gravity irrigation system, as Mr. 
Forester seems to have assumed; these values are to be used in connection 
with the administrative functions of the commission. Ww ith 1) an approximate 
equivalent irrigated area of 2,000,000 acres in the basin ‘and assuming an aver. 
age unit c consumptive-use rate of 1 1 acre-ft per acre, a a difference of one- e-tenth | 
of an acre-foot in the unit rate would indicate a difference of 200, 000 acre-ft 
of water consumed. Whereas this may not seem important at present (1956) 
‘it may assume importance if future development a attains an equivalent area of, — 
— say, 6,000,000 acres. Whether the ‘resulting s stream depletion i is only 5,400,000 
acre-ft or 6,600,000 acre-ft would be a matter of importance for the upper 
basin states. geed ad bas haa. 
useful information, which has not been mentioned heretofore, can 
be found in the bulletins of the experiment stations of agricultural colleges in 
ee Daw study. of the material forming the basis for the writer’s | paper and dis- 
cussions of it has led to the conclusion that research should be continued in | 


_ the field of the consumptive use uses 8 of water and the consequent man-made de- 4 ; 
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BUCKLING OF ROLLED 


JATTRUP,? _ 


ROBERT A. HECHTMAN,' M. ASCE, Jc JOHN Ss. HATTRU 


TO 


In this experimental investigation of the lateral buckling of 
beams under transverse loading, thirty-three beams with conditions of simple — ' 
support in depths from 10 in. to 18 in. and twenty-one 10-in. . beams with two a 

of bolted, semirigid end connections were tested. Close ¢ elation 
_ between the experimental and theoretical values of the nominal — = . 
= was found for the more slender simply supported be beams which buckled © i : 


for convenience of reference i in Appendix. 
pall Prior to 1946, the design of rolled steel beams with laterally unsupported 
lengths was related to the slenderness: ratio, L/b (in which L is the span and b 
_ the width of the flange). Noting that this ratio neglected the influence of 
the | torsional rigidity of the section and the restraint afforded by the tension , 4 
flange, Karl Karl de Vries,5 M. ASCE, extended the work of S. Timoshenko® 


5, as Proceedings Paper 797. Posi- 
for publication in Transactions. ‘ 


ee Nore.—Published, essentially as printed here, in September, 195 
7 j tions and titles given are those in effect when the paper was approved 


_-'* Prof. of Civ. Eng., Exec. Officer, The George Washington Univ., Washington, D. C. Saw eae . 
Structural Engr., Airplane Co., Seattle, Wash. mo 
‘ Bridge Designer, Glace & Glace, Harrisburg, Pa. ads = 


__ §“Strength of Beams As Determined b 
Vol. 112, 1947, p. 1245. w 
“Theory of Elastic Stability,” by 8. 
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is as a reasonable basis for determining the buckling strengths for common types _ 


= 


RAL B BUCKLING 


is the average thickness of the flange). This parameter resulted from 
which expressed the critical load and nominal bending stress for a simply 
I-beam in the plane of its =7 


axis. Eqs. 1 and 2 are applicable for the fading condition of two 
equal concentrated loads at the quarter-points of the span length. un a 
_ The parameter, Lh/bt, was deduced by Mr. de Vries from the elastic 
buckling strength of a a large nu: number of rolled beams: under ‘uniform top-fange 


12 


of transverse loading. Winter, 7M. ASCE, showed that the 


strength for such a beam. under pure bending could be expressed by tent oat i. 


and that, with certain approximations which were slight for almost all ‘rolled | a ; 
4 beams, the parameter, Lh/bt, and Eq. 3 could be derived from this. equation. bea 


In Eq. 4, » is Poisson’s ratio. _ The application of these same approximations — 4 
the , in Eq. 2 will a also result in this form of the slenderness 
ratio and i in Eq. 3. AD ent of sex aril 


_ For the design of slender beams, Mr. de Vries* incorporated a factor of — 


safety. of 1. 67 i in Eq. 3 and suggested W 


Eq. 5 was adopted by the American Institute of Steel Construction (AISC)* 


for the design of structural carbon steel rolled sections, plate girders, and built : 


ty G. Winter of “Streng of Beams As De Determined by Lateral Buckling, " by Karl de de 


Vries, Transactions, ASCE, Vol. 112, 1947, p. 1272. 


#4 
in which is the total crit 
—| 
] 
| 
7 
— 
— 
— a 
— 
— 


up members in 1 bending with a1 an L h/b t-ratio of 600. For shorter 
beams an allowable unit bending stress of 20,000 lb per sq in. is used. — Paes Si 
The L/b-parameter for beams with laterally unsupported 1 lengths is i 
other steel s specifications. 9.10 formula based on it ‘may be found subse- 
An expression for the critical buckling | load of beams under two equal sym- A 


loads w was developed by Mr. WwW inter R. 


in pore the factors A, B, end D depend on the same wnetehlab: as the factor, 
Siege in | Eqs. - lat and 2 , and C C is the e torsional | moment required t to produce ang angle 
of twist per unit length of beam of one radian. 


The present investigation had as its principal objectives: 
The testing of rolled steel beams of the wide-ange type a standar 
Correlation of the test results with theory where possible, 
A critical examination of the L h/b -parameter as a basis for predicting 

A preliminary exploration of the increase i in that 


Val alues the factor, k, in Eq. available for two of interest 
this investigation—simply supported beams w with a midspan concentrated load pate 
S- with uniform load over the entire span length. 6 + There was 3 the possibility — 
of the existence of more severe loading conditions. _ Therefore, the methods by i 
which Eqs. 1 2 were e derived were used to compute the values of k for other 
(Fig. 1). The most severe loading type was that of two ‘equal loadsat 
quarter-points of the beam; this loading was used for all the tests. 
ae It had been previously noted" 8 that hat the parameter, L h/bt, would predict _ 
2 the value of the buckling « strength less : accurately for © shorter beams than for * 
longer beams because the shape of the cross section is more significant for the 


former. The desirability of choosing as test specimens three rolled sections 


€. ve with ‘almost identical h/b t-ratios but with considerable difference in the shape aes 
| 3 — their cross sections led to the choice of the 10125.4, 12W 27, 12W27,and 
18W°50 sections with th h/b tratios of 4.37, 4. 60, and 4.22, respectively. ‘These 


Specifications for Steel Railway Bridges,” A.R.E.A., Vol. II, 1953. avons 
“Standard Specifications for Highway Bridges,” A.A.8.H.O., 1953. 

- _ 1 Discussion by R. K. Schrader of “Lateral Stability of Unsymmetrical I-Beams and oak in 

as Bending,” by George Winter, Transactions, ASCE, Vol. 108, 1943, p. 247. Dodtia. 


by Neil Van. Eenam of “Strength of Beams As bey Lateral B ickling, by 


Discussion by Oliver G. teral B 
Karl de Vries, ibid., p. 1 1303. 4 late 
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types” of end-support conditions were chosen for the beams— 

‘first, simple support which would yield results that could be ‘compared with 
values predicted by the foregoing equations, and second, semirigid con- 4 


nections similar to those found i in 


first with tapere ‘a almost equal buckling strengths 4 
_& 
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Fig. THEORETICAL ter Ber or Test FOR LoaDInG 
PROPERTIES OF BEAM OF TESTING 
All the beams tested in this investigation were rolled from the same heat of _ 


tes -carbon, semikilled structural steel meeting designation A 7- “51 T of neg 7 
Be American Society « of Testing Materials (ASTM) or the type commonly termed ay 


 “structural-carbon steel.” Before each test the initial out-of-alinement and 
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Actual Average 
Ratio Moment _ Compressive 
Lh/b ‘| of Inertia,« Properties, in Kips 
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36.04 | 38.3. | 


37.42 | 39.2. 
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 « Computed from measured dimensions of beams. * Averages of results (2-in. gage length) for t two 
on beam. ratio greater than that permitted by code. Ideal values. 
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| | 31.7 | 31.6 | 288 
4 «2150 18.0 | 160] 13.1| 13.5 | 131 
31.7 | 31.6 | 18. 14.3 14.2 
‘| 311 | 17.9 | 174] 142 
6 | 240 30.5 | 29.2 | 116 | 126 
| s37| 287 | aie | | | 286 | 361 | 41 
2 | 90 | | 19.4] 21.7 | 212 
68.6 | 2.86 | 42.5 | ... | 29.2 | 18.0 ing 214] 209 
1,111 | 1,116 | 68. 286 | 42.5 «++ | 20.2 | 18.0 
130 104 | 200.2 6.53 30.3 303 17.3 | 164 | 18.5 
240 1/155 | 1,104 | 203.2 | 16.98 865 | 
18 | 534 | 506 | 764 
19 | 150 | 664] 633 342 | 28.7 
22 | 240 | 1,069 | 1,012 14.1 | 277 
23 | 360 | 1,600 | 1,518 | 789 3873 | 388 | 300 | 208° | 
799 | 37.42 | 39.2 | 340 | 29.9 75 | 70 83 
55 6.04 | 38.3 | 34.2 | 28.7 | 7.5 
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43.8 | 39.5 | 29.8 | 243 | 35.6 | 43.7 
| 39.5 | 208 | 243 | 381 | 46.7 
3 | 405 
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_ ©Computed from measured dimensions of beams. * Average of results (2-in. gage length) for two 
ann conditions. Values at design load found by interpolation between nearest experimental 


«twist of the beam were measured as well as the dimensions of the cross s car 
i From the latter were computed the actual slenderness ratios and moments of 
"inertia recorded in Tables 1(a) and 2 2(a). ‘The 1 mechanical properties deter-_ 
‘in Tal by compression tests of coupons cut a the beam flanges are listed 


The method of testing the simply pth beams is shown in Fig. 3. 
_ The span-end cross section of the beam was prevented from tipping by lateral 
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specimens from each mill section, one for each beam flange. Design load computed on assumption of | 
= “Total load on beam. ¢  Glenderness 1 ratio greater than that permitted by code. / Ideal values. a Y 

‘restraints on the toes of the method of applying the loads 


The same method of loading was used for the beams with aad y 
connections. - Rigid faces \ which remained parallel and free from rotation but 


which “permitted axial translation were provided for the end connections in 
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20 20 | 062 | 0 — 
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«LATERAL BUCKLING 
- oa” in Fig. 5. ‘The web-angle connection was scaled down from the standard beam > 
, connection® for a 14-in. depth in order to provide three bolts in line in the web. __ 
Bolts were of §-in.-diameter, high-tensile steel. Allholes were }# in. in diameter, 


: and. carburized washers were placed under the heads and nuts of bolts. ny 
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Adjustablebars 
to maintain torsional 
rigidity of support 
é 


SECTION B-B 


this program the the quarter-point loa loads were first located 
the center plane of the web of the beam. a. Only i in the case of the shorter beam PAS 
(beam 25-30, beam and 47-50) was the additional procedure of 


1 


: 


te In a beam under transverse loading no simple criterion of centering exists, 


- as for an axially loaded symmetrical column. _ When the initially curved beam — 
is loaded, it will twist as well as deflect laterally. . The centering criterion could a 


- then _ be either of two Possibilities—placement of the load so that no lateral _ 
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a the load so that no rotation of the midspan cross ein rl, Th 
ms latter criterion was | chosen after the earlier tests showed that the rotations of 


the beam cross sections were more sensitive to the positions of the loads ~ 


\ 
Direction 


of buckling 


Convio 
m. 


be. of the b he buckling 1 load for tt the be bea =I 


_ The lateral deflections of the top and bottom flanges, the vertical deflections 
“a the beam, and the rotations of the cross sections were measured at the sixth- 
"points of the span length at frequent load intervals up to buckling. The t unit 


as 


_ strains on the four toes of the beam flanges at midspan were determined by 
“ea -4 strain gages. These data are not presented herewith a : 
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ending 
in kips per square inch 
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tual ratio, Lh/bt 

served as a ver y useful means of observing the behavior ‘of the beams and the 4 


a Summaries of the more important data of these tests : appear in Tebles 1 (b) 
and 2(b).41516 In Fig. 6 the sign conventions used in this 3 investigation its 


initial misalinement and twist are illustrated. oo =} 
“On the — of Experimental Observations in Problems of: Elastic istic Stability, "by R. Southwell, 


7 — Royal of London, Vol. 135A, 1932, p.601. «a 
the Application of Southwell’s Method for the Analysis of by | Donnell, 
to the M of Dedicated to Timoshenko," The > 
7 York, N. Y., 1938. a 

“Generalized Analysis of Observations i Problems of Elastic Stability,” b 
Lundquist, Technical Note ‘No. tional Advisory on Aeronautics, Washingtoa, D 1608. 
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in Fig. 72 ‘between the nominal bending» 
- strength and the actual slenderness ratio, Lh/bt, of the simply supported — 
beams. This plot and the individual plots in Figs. 8 and 9 indicate that the — 
buckling strengths of the shorter beams of the four section sizes were approxi- __ - 
4 mately of the same order as the theoretical strengths plotted in Fig. 2, the 


35 


7 Scr, in kips per square inch a 


Nominal bending stren; 


s section having the highest strength; the 10125.4 section the 


the 12W*27 and the 18W50 sections falling in intermediate positions. 
It seems reasonable to conclude that the L h/b t-parameter should be 
adequate for designing wide-flange and standard beams.* The greater accu- 
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Nominal bending strength, s.,, in kips per 
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11.—Comparison oF ser anp Lh/bt ror 10B15 Beams Bourep 


_ tacy of this parameter over L/ b may be seen by examining the results of these 


tests when plotted against L/b (Fig. 10). 


= In Fig. 10 there is little tendency for the data to fall rie a common curve, 


as 


It can be shown that the transformation of “the quantity, 
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Lh/bt, containe the quantity, ott bar told ad? 
‘The nominal bending strength developed by the beams with the top-and- — 
- seat-angle connection and the web-angle connection (Fig. 11) was computed — “a 
on the assumption that they were simply supported. The actual nominal 
_ bending strength was related to the effective rigidity of the end connections — 
and was considerably less than the values shown. _ ‘The greater rigidity de- 
veloped by the top-and-seat-angle « connection as compared with the web-angle " 
connection is in line with previous observations.” It should be realized that, 
identical connections are used for different span lengths of the 


ny 
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‘ 
Fia, OF AND 8: FoR VARIOUS ConpITIONS 


same beam section, the effective end restraint will increase as the span n langth . 

oo “WW In Fig. 12 the experimental or actual nominal bending strength, sr, of allthe 
: beams is compared with 8;, the theoretical nominal bending strength, for the _ 


ona theoretical critical stress which was greater. than the : yield point of the 
steel and must therefore be so interpreted. __ 
From Fig. 12 it is possible to determine the L h/b tratio below which the — 
- beams buckled in the inelastic range by observing the value at which there 
by a downward turn in the curves. _ These values were epproximately 1,100 — 
or the simply supported beams and those with web-angle connections and 
approximately 1 300 for those with the top- ~and-seat- angle ¢ connections. o _ Wher- 


aT“ Riveted Semi-Rigid Beam-to-Column Building Connections,” by R. A. Hechtman and B. G. 
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ever the simply supported heams buckled in the elastic 1 range fairly g 
lation was found between the experimental results and the theoretical pre- _ 
dictions. This correlation would suggest similar agreement if types of loading — 
than quarter-point loading had been used in these tests. 


~~ a beam 1 subject to lateral buckling; the term, a, is th the torsion-bending con- 
stant. By use of Eq. 1 it was possible to compute the factor, k, developed by 
the beams. These values are compared with the actual L/a-value of the ’ 
beams in Fig. 13. _ Where L/a was greater than approximately 3, the simply 
supported beams failed in the elastic range and the values of k fell near the | 
theoretical curve. Because of the varying epan-end rigidity of the beams with — 
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Oe -semirigid connections the experimental curves can best serve to give an ap- 
proximate indication of the probable effectiveness of other similar connections. 


EFFECT Initia MISALINEMENT AND CENTERING 0 ON 


~ li The initial misalinement of the test beams and its relation to the VE 
_ in which the beam finally buckled are given in Table 1(0). . It was noted that - 


1. The direction of buckling was always in the direction oft the initial angle 


of twist of the web | at midspan | except in those cases in which both rool 


were deformed in the direction of buckling with the greater curvature in the: 


an 2. The nature of the initial curvature and twist affected the buckling — 
strength with the most adverse condition oceurring - when both the twist of the 
web and the curvature of the top flange were in the direction of buckling. _ 
3. Strength was increased when the top flange was initially deformed ‘in 


the direction opposite that in which the beam buckled. 


it. 


_ 4, The effect of misalinement on the buckling strength « of the simply sup- 7 


Bh tes, beams appeared to decrease as the value of L h/bt increased. feed Sears 


Because | the misalinement of the top flange determined the position of the he 
‘oad, and hence its eccentricity to the line j joining the support points, these _ 
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q "findings ¥ were to the pattern in item 1 
oO of the foregoing was beam 11 whose top flange was almost straight. = = 
‘The purpose of centering is to move the load so as to counterbalance the q 
‘adverse effect of the initial misalinement and twist of the beam. In items 1 1 
a and 2 of the foregoing the initial rotation of the cross sections of the beam would — a 
& be in the direction of buckling. Centering increased the load-carrying capacity _ 
of these beams. The beams noted in item 3 tended to twist during the early _ 
_ stages of the test in a direction opposite to the final direction of buckling. It . 
_ is important that the placement of the loads during centering be determined 
7a by the direction of the twist during the later stages of the test. Therefore, q 
ma the load used in centering must be sufficiently large to develop the mode of a 
deformation which isto prevail at failure, 
~ a4 . In Fig. 7 it can be seen that there were, at times, considerable differences a 
in the strengths of some of the duplicate beams for the shorter 10125.4 section, _ 
4 12W 27 section, and 18W 50 section, which were not centered; in contrast, 
4 ™ _ there wai was better agreement for the duplicate beams o! of the 10B15 section, v which © q 
were centered. Thus, the effect of centering in these tests was to produce more .§ 


consistent results sand a capacity. 


Loaps: 
applied loads an ad the resulting observed in the test of an initially 
_ curved column to compute the buckling load which would occur if the column 
, a were perfectly straight. Variations of this method were later developed by — 
H. Donnell'* and E. E. Lundquist,’* M. ASCE; these latter methods were 
4 applied to the test data to yield the results shown in Tables 1(b) and 2(b). y 
* Where no value is shown the plot produced no conclusive evidence. These 2 


Mr. Donnell in organizing the data into a consistent pattern, especially | for the 


=< tests indicate that Mr. Lundquist’s variation was more effective than that of o 


» ae A typical plot for both methods is ‘shown i in Fig. 14. > Because the rotation 


B of the cross sections of a beam appears in the differential equation of equi- 


librium in a manner similar to that of the lateral deflection of a column, the 


angle of twist, , B, was used in the Lundquist plots. plot for the shorter 


: beams ce consisted of three parts. é At low values of the load the curve shown a 
7 by the dashed line in Fig. 14 was obtained, and at greater loads a straight line, q 
the inverse slope of which was used to compute the elastic buckling load. If 4 

the beam yielded, , the ‘upper pa: part of the plot dev eloped a curve with i increasing a 


would give this shape of curve mentioned by Mr. Donnell. 18 Rus 
_ The type of analysis first proposed by Mr. Southwell when used as an n experi: 


ee load and indicated the actual buckling load; (b) it could check Ye 


_ actual buckling load of the beams which failed in the elastic 3 and (c) it : 


slope; the i inverse slope of the tangent to this last part of the curve at the point : 
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— BUCKLING 


example of the third point might be mentioned. _ The heel the top 
ne end on 
the face of the supporting columns because of the large lateral of the 
top flange upon approaching failure; these beams never actually buckled be- 3 
¢ cause of this increased restraint. The plot used by Mr. Lundquist for these 
beams near failure showed a decreasing slope corresponding to an apparent =e 
. _ increase in buckling strength. _ By extrapolation of the straight-line part of 


by 
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14. _—ComPaRison oF Lowpqutst anp DonNELL TO DETERMINE 
the plot prior to this occurrence, the probable buckling load for the initial degree 


restraint was determined. This value was to compute nominal 

bending strength of these three beams. 


The nominal bending strength developed by the test beams is compared in 
- Tables 1(c) and 2(c) with the allowable unit bending stress permitted by the 
- design formulas following in Eqs. 7, 8, 9, and 10 for structural carbon steel 
meeting ASTM Designation A 7-51 These formulas were derived on the 
assumption that the beam was simply supported. 
The formula in the specifications of the American Railway Engineering 
Association (AREA)* and the American Association of State Highway Officials | 
= = 18,000 y 
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‘The formulas in the specifications of the AISC*are the 


12,000,000 


One 


for Lh/bt > 600. The allowable bending stress, s, is given in : pounds per 


4 


‘The formulas, incorporating ee cutoff, Proposed by Mr. Mr. de Vries* are 

for Lh/ots 1 000, and 


Formulas a diagonal straight-line cutoff® ar 


hese formulas are plotted in Fig. 15. The ding stress, 8, 

permitted by the formulas was compared with the nominal bending strength a 

at critical load developed by the test beams to give the factor of safety LT’ an. 
e hee 4 Comparison w ith the AREA and AASHO formula in Eq. 7 was possible 
~ in Fig. 10 only for the shorter beams pereyeees under these specifications. 


strength of the simply supported the factors of safety with respect to 


this formula were subject to considerable variation, with the margin . of safety, q 
4 in general, less for the more slender beams. 


Be 18 “Report of Subcommittee,” Research Committee E, Column Research Council, The Engineering 
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sa ra _ Lh/bt-parameter gave a fairly uniform factor of safety for Eqs. 9 and 10, © 
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Mm but for the AISC formula, Eqs. 8 , only i in the case of the more slender beams — 
_ which buckled in the elastic range. For the shorter beams which buckled in 
7 the inelastic range the factor of safety was dependent on the yield point of the 
material and was as low as 1.19, as Table 1(c) shows. If these beams had — 
had the minimum yield point of 33,000 lb per sq in. specified for structural 
~earbon steel, their factor of safety with respect to the AISC 
(Eqs. 8) would have been even lower. The cutoff curves used by Eqs. 9 and 
10 provided a much more adequate margin of safety for the shorter beams; 7 
with few exceptions, it was in excess of 1.50. to! 
‘The beams | | with the two types of flexible, semirigid connections all de- ,, 
veloped factors of safety in terms of simple-beam-bending strength much © 
greater than that which i is usually considered necessary in a member subject to 
possible buckling. 3 For values of L h/bt belo w 1,100 these types of connections — 
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~ the increased strength supplied by th this type. of is usually 

considered to have no moment-carrying capacity. = 
It might be well to note some of the uncertainties that exist in the design 
a beams with values of Lh/bt between 600 and 1,100. ” Factors: which have _ 
+ significant effect on the length of beams in this range of slenderness are: 

. The actual yield point of the material in the beam; (b) the initial misaline- — 
ment of the beam ; and (c) the adverse effect of failure io; provide adequate lateral — 
"support of the span-end cross sections to secure them from rotating or tipping. 
Tests by N. C. Cyr and the senior writer!® showed that short beams, having - 


= restraint at the span end but that given by the beam seat, might not 


Nn kips per square inch 


_ even sustain the design load permitted by Eqs. 8 for a laterally unsupported 
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Simply Supported I-Beams,” by N. C. Cyr and R. A. Hechtmen, Trend 


1. The test beams buckled i in the elastic range the: of L 


- was greater than approximately 1,100 for the simply supported beams and those 
with web-angle connections and greater than approximately 1,300 for beams 
with top-and-seat-angle connections. Below these slenderness ratios, 
When the beams failed in the elastic range, correlation between 
; 4 experimental and theoretical values of the buckling load and nominal bending — P: a 


q 


_ strength was obtained. Either the formula developed by Mr. de Vries (Eq. 1) > 
or that of Messrs. Winter and Schrader (Eq. 6) accurately predicted the 
critical buckling io ow + orld af 


quately be enanantie’ by a cutoff curve similar to that which has already bee enn 
experimentally established for intermediate length columns. 2 
_ 4, Although the slenderness ratio, L h/bt, became less definitive in predicting 
the nominal | bending strength c of of the tes test beams | as its value. decreased, it was 


5. The test beams developed an factor of wit with th respect 


the deign formule, ¢ = = 12,000,000 wen a parabolic for values of 


SL h/bt than 1,000, or a diagonal straight-line cutoff for values less than — 
4a 500. need for such a cutoff in the case of singly supported beams was 


a a The factors of safety of the test beams with a respect to the design formula, 


were subject to considerable variation and, in general, decreased as the value 
_ of L/b increased. The factors of safety for the sections tested were adequate, — 
_ but it is possible that other sections would not have given such favorable results. : 3 


_ Moreov er, this design formule is not applicable to slender beams which showed 


load-carrying capacity in these tests. 


rr 


4 ioe For beams with values of Lh/bt | t between 600 ) and 1,100, the | two types — } 
of semirigid end connections | provided an adequate factor of safety with respect 
to Eqs. 8, which assume simple beam support. For greater slenderness ratios 


8. The buckling strength was found to be related to the initial misalinement — 


8 useful tool for analysing | the data of lateral buckling tests of beams. 
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ae a _ steel and the shape of the stress-strain curve became factors, the actual bending — : a 
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 desty was chairman, and the Engineering Experiment Station of the bebe 
r- Washington (Seattle), of which F. B. Farquharson, M. ASCE, is director. — = 
Tests were made in the Structural Research Laboratory of the Department ~- 

+ Civil Engineering headed by R. B. Van Horn, M. ASCE. . All work on the 
‘program was directed by the senior writer, 


_ The writers are indebted to th the members of of Committee of the Column 


“for this project; to B. G. Johnston and H. N. Hill, Members, ASCE, past 
chairmen o of Committee E; to Mr. Hardesty who arranged the financial support — a 
for the program; to John J. Miles, A.M. ‘ASCE, who assisted with the first tests; 
to K. T. Chang who extended available theoretical derivations to cover new 

- loading conditions; and to H. E. Wessman, M. ASCE, Dean of the College of . 
ron at the University of W ashington, for his warm encouragement. ae 


symbols, adopted for use in the paper, conform essentially 


: = “American Standard Letter Symbols for Structural Analysis” (ASA 
Z10.8- -1949), prepared by a committee of the American Standards Association 
with Society representation, and approved by the Association in 1949: wire 

om a= = torsion- bending constant of beam cross section, El, @/4C; 


width of beam flange; tatiesh al) alquiee 
C = torsional constant or stiffness of beam cross section, M,/0; 


¢ = distance from neutral axis to fiber ; — 


modulus of Gasticlty in shear; 


maxi- 


I, = mo moment of inertia of beam cross b AGAR, Phone, the y-axis and ae. 

ban torsional constant of beam cross C/G; 

a L = span length | or the laterally unsupported length of the compression 

M= = simple beam moment of transverse loads on beam; 


M, = 
torsional moment about longitudinal of beam; 


ie Ms = = nominal bending strength or critical stress, M,c/I;_ avi 


t = average thickness of beam flange ; 
= rotation of cross section of beam with respect tovertical; | 
Bi = initial angle of twist at midspan; . 


Om angle of twist per wall unit length of beam resulting from Mi; and — 
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‘The paper test results. which indicate that highly 
sensitive clays suffer a Joss in . strength not only during sampling but also in the | 7 
preparation of test specimens. Uncertainty as to the magnitude of the effect — 
of sample d disturbance emphasizes the desirability of * ‘in situ” Pec in soils 


~ not been 1 widely publicized, but it is believed that as the results become ane 
_ known these new methods may, in many localities, because of reliability and 


economy, ‘replace | the ones conventionally used. _ 


__ Despite successful efforts? to develop techniques for minimizing the “dis- ia 
_ turbance” to sensitive cohesive soils which results from sampling operations, 
= is available much evidence that the best “undisturbed” samples o of many — 
clays” (also known ¢ as ‘ ‘practical undisturbed ‘samples ) do not reveal with a 
- desirable accuracy the actual] mechanical properties of the various soil layers _ 
_ from which they are extracted. It is generally conceded that the stress 


= associated ‘with of soil examples from | the ground ‘must 


a titles given are those in effect when the paper or discussion was approved for publication in on wane oe 


of Nors.—Published, essentially as printed here, in July, 1955, as Proceedings Paper 755, Ponsitions and i? 
Chairman, Dept. of Civ. Eng., Ohio State Univ., Columbus, Ohio, " 


* “Subsurface Exploration and Sampling of Soils for Civil Engineering Purposes,” ” by M.4J. Hvorlev, 
U. 8. Waterways Experiment Station, Vicksburg, Miss., 1949, Chapters 4 and 6. 
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iii” 
— - has been expended in cert 
the past few years considerab the United States in appraising the 
a pest ope and, to a lesser extent, in the hods not requiring - 
f values of soil-shear streng ase 


an 


adversely affect the’ of tests on such that distortions 
fe 4 > the mineral skeleton will introduce | relatively important changes i in = 
under stress. Highly sensitive clays and the accompanying difficulty in 
oie, the soil structure have been encountered chiefly in alluvial, lacus- _ 
_ trine, and marine deposits. On the other hand, in many regions mantled by : 7 
= soils, the sensitivity of the materials does not appear sufficient to 
warrant much concern with possible sample disturbances. The purpose of 7 
this paper is to relate experiences obtained in exploring deposits of glacial 
: and marine « clays in southern Maine. Whereas the results and conclusions 
are believed applicable to many similar deposits in the northern part of the 
United States they would not be equally significant for residual soils. oa eved 


Certain. sedimentary clays or silt clays | possess extremely high ‘ ‘sensitivity.” 
‘The sensitivity of a soil has been defined? in terms of the ratio of the uneonfined _ 
Balbo strength of an undisturbed sample of quality to the compressive ; a 
strength of the same material after having been thoroughly remolded at un-— 
changed water content. This sensitivity so defined is found to vary from 7 
values slightly greater than unity to as much as 30 or 40. _ In some cases where ~ 
_ the natural water content exceeds the liquid limit a prism of remolded material a 


is hardly be measured in the customary manner; it may even be said to approach a 


— 


will distort appreciably under its own weight. Therefore, the sensitivity can i #1 : 


infinity. , Because partial remolding and, hence, some weakening of a soil , 

may occur from sampling operations, such a definition of sensitivity is based — _ 

on the natural consistency of available samples If the sensitivity could 


= referred to the strength of the natural deposit, even greater values would | 


BS Highly sensitive materials, fairly common in the northern half of the United 
- a States, can be detected by the obvious contrast between consistency i in the | un- 


Thus, the higher the moisture content relative to the liquid limit, the weaker 7 
Ta remolded material, and the higher the p preconsolidation load, the stronger 
J the undisturbed material. Consequently, if the natural water content of a 
: highly preconsolidated soil is well above the liquid limit, the material will be 
excessively sensitive. if the natural moisture content approaches the plastic 
_ limit when the preconsolidation load is small, the sensitivity will be corre-— 
spondingly small, Despite the fact that certain clays have been compressed 

: under | geologic loads exceeding 1 ton per sq ft, and, thus, have a acquired strengths Za 
a: of the order of } ton per sq ft to 4 ton per sq ft or more, the natural void ratios — 
- _ may be so high that the remolded materials exhibit an almost fluid consistency — 

‘In engineering practice it is recognized that further compression « of wach Es 
= involving a reduction in void ratio will increase the shearing strength. 


“Soil Mechanics in Practice,” by K. Terzaghi and R. B. Peck, John & ‘Sena, Ino. 
York, N. 1948, PP. 30-32. 
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4 Although such compression or decrease in void ratio may be , produced through x 
appropriate loading, it cannot materialize immediately on the application of a — 


because of f the consolidation characteristics of the soil. That i is, unless 


" necessary to rely on only the strength which the material possesses sient ». 
construction operations. This strength can be determined by applying . 
4 ‘shearing stresses in such a manner that the soil has no opportunity to compress, 
_ and consequently to acquire additional strength during the application of the — ra é 
_ shearing stresses. The type of test which reveals the existing strength of a "<9 
_ clay soil is commonly referred to as “quick undrained,” or merely “quick, , 3 
because the speed of testing is assumed to preclude effective drainage. baliny 
Determinations —In the past it has been common practice to 
i. determine such strengths by unconfined compression tests because these tests 
can be made more rapidly and conveniently than ‘the conventional direct. 
¥ shear test. Consequently, the compressive strength has been used both as a 
a basis f for measuring the effect of sample disturbance and for securing data for a 
engineering studies of foundation co conditions. Interest i in the use of ¥ method 


severe distortion adjacent to | the tube wall. . In fact, data have been published a Be 
showing that the compressive strength or consistency of miniature compression 
specimens located at varying distances from the wall of a sampling tube i 3 - 
-ereases as the distance from the wall increases.‘ That is, the center of the ar 
ae is demonstrated to have been less damaged than the periphery by th the 
sampling operation, thus confirming the visual evidence of excessive peripheral — a 
Fi 7 distortion which is often observed. Therefore, if a prism measuring, for 
example, 2 in. square in cross section is carefully trimmed from the innermost 
an of a 3}-in.-diameter soil sample, it is logically assumed that the weakest 


has been trimmed away and discarded leaving 
* 


= of specimens which had been aaidiedaenee with a wire saw 
a from tube size to @ cross section measuring 2 in. square. . The test results 
thus indicated that the elimination of the peripheral material did not change a 
the of compression tests of many sensitive soils, It was necessary to 


2-in. by 2 Consequently, the trimming “operation appeared to be 
an unnecessary and time-wasting refinement. 
_ The 2-in. by 2-in. prisms were trimmed carefully by hand with an ordinary — 
' wire saw guided by a miter box. It is possible that if such a saw were operated — 
_ 4A Method for Determining the Representative Character of Undisturbed Samples,” by D. M. 
Proceedings, 1st International Conference on Soil Mechanics and Foundation Eng., Harvard 


Univ., Camb bridge, Mass., Vol. III, 1936, p.26. t al 
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during the trimming However, the minimum n required handling 
a the trimmed prism may in itself be just as damaging as the trimming opera- 
~ tion on. At any rate, if peripheral weakening occurs during sampling, as is 
generally conceded, some better means than trimming 2 away y peripheral material 
- should be adopted if realistic strength values are to be consistently obtained _ 
for highly sensitive clays. The mere fact that much depends on the care 
exercised by the person trimming | and otherwise | preparing the prisms is sufi- 
cient cause to seek a , means of eliminating this particular human factor. mre 


ng 


Minimizing the Effect of Sensitivity on on Test Results.—The logical way of 
eliminating | the disturbance which accompanies the trimming and distortion — 


axial ba 
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| Napacity: 2.3 tons per sq ft at 50 
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sample tube 
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f that part of a sample which i is iia to the wall of the tube i is to determine - 
‘the: strength of the central part of the sample i in a manner which does not re require 


a that this part be either trimmed or removed from the tube. To accomplish 
this, a small four-bladed vane having a 1-in. diameter was constructed 
: placed i in such a position that it could be inserted in the end of a tube s sample 
~ and then rotated on bearings by means of a small torque wrench. Fig. 1 oc 
details of such a miniature vane and of its operation. When the results of : of such 
tests were compared with the results of unconfined compression on tests 
‘performed o on material taken from an adjacent part of the tube sample—either ==> 


_ above or below the section which was ounipotee to the vane ata con- = 


Va 
Fig. 1.—Mrntature Vane Arranatus 
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sistent ‘differences The vane strength is, vane exceptions, 
usually attributable to heterogeneity of the sample, substantially greater than — 
half the compressive strength. This confirmed the belief that the separation — 
e of the central part of a tube sample from the peripheral part, together with the 
wd ‘other procedures involved in preparing this central p prism for a compression test, 
- introduced disturbances of sufficient magnitude to depress seriously the results. a 
It is obvious that this information, at best, could only imply that the ; 
* miniature-vane test results more nearly approximated the true strength of the ; 
a natural soil but that no indinntion has been obtained as to the accuracy of he 
approximation. ‘That is, it still is necessary to extrapolate from the 
results of tests performed on samples i in order to estimate the strength of the 
= deposit. Any such extrapolation rests on no fully objective = | 


siderations and is therefore unsatisfactory, 

\ a .. There appeared to be no reason why the same testing principles should not 
- be utilized, as has been suggested,* in measuring the soil strength in the field. a 
_ Fig. 2 shows details of larger vanes which can be used to measure the soil 
strength at the bottom of bore holes 2} in. or 4 in. in diameter. Such a vane oe b 

_ (attached to the lower end of a string of drill rods) is inserted into the un- 
a, disturbed material beneath the lower edge of the casing at the bottom of a 2 

cased drill hole. In order to prevent vertical movement of the vane: during the 


a. thrust and radial bearing. The lengths of vanes may be varied in accordance | 
safe loading capacity of each vane (Fig. 2). _ The vanes are rotated by torque : 
wrenches applied at the top of the drill rods. The torque wrenches are likewise : 

varied ; for & more s sensitive of wrench is used where the total 


Pia with the anticipated resistance | of the soil so as to remain within the estimated 


4 appears advisable to devote te nearly as much care to the cleaning of the ‘bore * 
hole before making the vane test as is desirable before c obtaining a sample. ‘i, . 
‘This care has a twofold purpose: (a) To insure that the material in which the 
7 — vane is rotated is in no way disturbed and (b) to eliminate soil friction from the Es 
drill rods above the vane. . The rotation of the vane requires less time than is 
_ - a usually allowed between driving and extraction of a sample tube. Once the 
* vane test has been been performed, & Sav ving of time can result from the fact th that no 
c s sealing, marking, ng, and transportation of an an undisturbed sample m may be: neces- 
— sary; no unconfined compression test need be performed except to secure 
:  ? comparative data. On the other hand, the making of field vane tests does not 
— 4 necessarily | eliminate the need for taking ‘seamless tube samples inasmuch as 
 gonsolidation data may be required. In any event, it is desirable to a 
sufficient material from different elevations in the ground in o order to 
the variability | of the subsurface formations by: visual inspection and classifica 
tion tests. Consequently, the real justification for such field vane tests is the 
seemingly greater reliability of the results. 
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Pypicat Test Results.— — made « one: 
ai projects, Fig. 3 illustrates (a) the soil stratification, (b) the elevation at which 


In both these borings the samples were secured in a a 3}- in. -outside-diameter, 


_ soil samples and field vane tests | were obtained, (c) the resistance offered to 
drilling, (d) the natural water contents of the s: samples, s, and (e) the Atterberg iv 


ss tubing of 16-gage e wall thickness, s, and all vane tests were made with 


he large-diameter vane in Fig. 2. The bulk of the penetrated soil was suffi- 
ciently soft so that the sample tubes could be made to penetrate rapidly the : 


“necessary length of approximately 30 in. 1. under the static load of the drill rods 


“under | a static load of ‘600 Ib applied to the top | of the drill rods, the sample 
tubes were driven by the impact of a 300-Ib hammer falling through: a distance 
, 3 approximately 15 in. upon the top of the drill rods . The number of impacts 
required to produce 1 ft of penetration is indicated by the lengths of heavy 

horizontal bars adjacent to the sample 1 ‘markers in ‘Fig. 3(a). these 


exceptions it was unnecessary to use dynamic effort to drive the sample tubes. y 


it will be observed that the natural moisture contents (Fig. 3(a)) tend to 
exceed the corresponding liquid limits in some instances by a very substantial 


amount. — Thus, one requirement for a , high degree of sensitivity is generally 
present in the soils penetrated by that particular boring. In Fig. 3(b) the | 


The number of hammer blows required to sink the casing 1 1 ‘fti is is indicated by an an 


_ water contents in the upper half of the deposit fluctuate erratically because of p. 


a: varved nature of the soil. The water contents in this zone all appear to = 


Tie within the plastic range whereas in the lower portion of the boring, water 


+  eontents do not depart as greatly from a mean value and remain consistently — " 


Examination of the s shear-strength data in Fig. 4 demonstrates clearly a : 

tendency for the field vane test to yield the greatest shear strengths whereas © 

he u unconfined compression tests produce the least strengths and the miniature 

ne strengths attain intermediate values. _ In a boring the general trend is 

_ for strength to increase with depth ; the uppermost part of the boring, however, | 
relatively high strength as result of desiccation of the surficial 
material (F ig. 4). The substantial scattering of individual values. from the 
average trend is attributable to the thinly laminated or varved nature of these 
4 _ Any single « of strength may ‘Tepresent the | effect 


Fes a by the three types of test, straight lines which fit the data have been 
determined for Fig. 4 by the method of least repre- 


drill holes made in connection with the | planning | of embankments of vai varying 
heights. | However, in these other borings less comprehensive data were 
usually secured in that less effort was made to determine the unconfined | 
_ compressive strengths after vane tests had been made and the vertical. intervals 


between vane tests were greater than two borings illustrated herein. 
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"primary consideration in each ¢ case was that the ‘embankment. not. induce 
- shearing displacements in the supporting ground. Settlements constituted a 
secondary consideration because, if a ‘settlement of moderate magnitude was 
_ predicted on the basis of consolidation tests, it was generally felt that the 
_ displacement could be tolerated and even compensated either by appropriate 7 
x temporary ov overloads which would accelerate compression during construction, | 
“Significance of Results —It is logical to believe that the differences observed 
between the re results of field and laboratory vane tests are caused solely by ; 
wate operations and that | the differences between the laboratory vane 
(b) 
BORING NO. 


‘The 


© Half unconfined 


46 


 Depth,infeet 


la 


4 and unconfined compression results are largely attributable to the preparation - > 
of the compression specimens. The first of these differences represents — 
disturbance which occurs prior to any laboratory testing; the second type of © 
difference indicates the extent to which laboratory preparation may further 
injure the structure of a sensitive soil. dot 
comparative tests performed upon remolded soils, laboratory vane results 
tended to exceed somewhat the half-magnitudes of corresponding compressive 
_ strengths. The discrepancies were not serious and may be attributable to the | 
- fact that failure of compression specimens occurred by plastic deformation, 
D A: whereas the vane resistances were associated with a surface of rupture. In- 
~ spection of Fig. 4 suggests that the greatest strength differences occur toward 
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a water content. _. In some instances the unconfined compressive strengths show 
very little tendency to increase with depth whereas in all cases field vane : 
determinations do show such a tendency, and laboratory vane determinations 


7 
4 


have a similar though not as pronounced a tendency. One possible explanation — Pp 
_ of this behavior is found in the fact that in certain of these deposits the amount 
of varving or silt content appears to increase appreciably toward the bottom 
‘a of the cohesive stratum. This tendency may be associated with a smaller un- — 
confined compressive strength whereas the field vane strengths might well 
a increase disproportionately because of the presence of this granular material. — ‘ 
stiff weathered materials derived from soft- clay deposits, as asaresult of 
| RIPE to atmospheric agents, often prove sensitive because of the presence 
é of invisible shrinkage cracks or r fissures. These cracks have of ften bee been invaded | 
by silt-laden waters which leave behind a very thin coating of cohesionless q 
material. The wall of an excavation made in such weathered material 
‘4 will offer very high resistance to any f forces applied to it. . However, ae 
cut from the sides of such excavations are prone to fracture very easily along 
_ the irregular shrinkage fissures. The trimming of specimens of regular nl 
sions: from such material is a ) very ¢ difficult and frustrating operation because 
the material i is, ,for the most part, very hard and resistant but prone to break 
_ apart easily along the shrinkage fissures. Even when a prism of acceptable 
shape has 8 laboriously | been obtained ‘it ‘may prove impossible | to determine & & 
realistic value for its compressive re strength because failure is induced | by the 
presence of fissures which are either opeu or have been filled by very ind 
___ eohesionless silt forming a mere layer of dust separating | two pieces of hard or 
brittle, cohesive material. Lateral restraint such may be provide in 
4 triaxial compression test will generally lead to more realistic results when 
| In their natural beds such weathered materials are by the sur- 
Nal rounding soil and offer greater } resistance to loads than might be inferred from N 
be very low compressive strength of many prismatic samples. use of 
a form of test w which will obviate the need of undisturbed samples i in such 
‘annie materials is very great. Consequently, the field vane technique 
has been applied to determine the properties of these relatively stiff weathered : 
materials. _ To this end the smallest vane is adapted (Fig. 2). Frequently, 
rather intense loading can be applied to such firm weathered soils which serve _ 
to distribute the pressure so that stresses in the softer underlying soils become — 
‘moderate. Vane tests made at short vertical intervals provide more reliable 
_ and more comprehensive shear-strength data than can a more expensive ‘a 
‘procedure involving undisturbed sampling. = | 
sonia appears doubtful that the true strength of sensitive soils can ever be j 
a = measured by small-scale mechanical means other than the strength 
-Tepresented bya plate-bearing test. Thisis s true because the insertion of a vane 


4 strength values than do test results of even the best undisturbed | samples. 4 
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In the case of the used as HMustrations herein, of 


behavior based wholly on the results of compression tests would be con- 
-servative to an unwarranted degree. In general, it would appear that the true. 7 
‘strength of the soil may exceed the results computed from unconfined com-— 
_ pression tests by as little as 30% or as much as 300% or 400%, depending on 
the type of soil. It is, of course, still impossible to state the true strength of 
such material other than to suggest it cannot be less than the values revealed — 
by the field vane tests. In an analogous manner one may question the deter- a 
mination of the compression characteristics of undisturbed soil samples. of. 
uM Bes. mplication for Other Soil Properties —To date (1956) considerable thought a 
has been directed toward the problem of estimating true preconsolidation loads © 
through extrapolation of the results of laboratory tests.®7» 
Iti is believed, probably with good reason, that if the results of a ‘consolida- 7 
- test yield a pressure-void ratio diagram with a sharp break or change in - 
slope between the recompression and virgin branches of the diagram, the tested ] 
- sample | is reasonably representative of thé natural deposit. However, there 
_ considerable evidence that, although the absence of a sharp change in slope 7 
in a pressure-void ratio diagram appears a reliable indication of substantial — 
a disturbance of the material, the presence of such a ‘sharp change does ae 
- guarantee that the sample is undisturbed. For example, in numerous cases” 7 7 
pee there was & | pronounced difference between the results of field and of ] . 7 = 
7 as excellent on the basis of sharpness of curvature in the vicinity of the presumed ’ ~ : 
_ preconsolidation load. . It seems difficult to insist that when laboratory vane q 
test results approximate—for example, only three-quarters of the corresponding 


| field vane values—the consolidation test results should be considered’ highly 
- reliable regardless of how little disturbance occurs during the ) preparation — 
of consolidation samples. ‘When the corresponding unconfined ¢ compressive 
strengths approximate only 50% of the field vane strengths, it is then evident 
that trimming a consolidation ‘specimen is extremely likely to o influence further — wy 
the: determination ‘the preconsolidation load. Furthermore, 


— 


defined preconsolidation which do not vary regularly with depth. 

The results of several consolidation tests made on samples taken from the 

, boring of Figs. 3(a) and 4(a) indicated that the existing intergranular pressure 
(caused by overburden) in the layer of blue clay and the underlying varved | 7 
silt and clay exceeds preconsolidation loads estimated from consolidation tests. { Ab 
The excess is rather small at depths less than 50 ft but is approximately half 

es the overburden pressure at greater depths. This may be entirely due to 

erratic variation in the actual geological preconsolidation pressure. 
no data yet available to prove that the deposit is not still consolidating under — 


its own weight. On the other hand, the information shown in Fig. 4(a) seems 7 - 


_ "Determination of the Preconsolidation Load and Its Practical Significance,” by A. Casagrande, — 
Proceedinya, lst International Conference on Soil Mechanics and Foundation Eng., Harvard Univ., 
Caiwbridge, Mass., Vol. III, 1936. 

“Relation of Undisturbed Sampling ‘to Laboratory Testing,” by “Transactions, 
gl ‘The Undisturbod Consolidation Behavior of Clay,” by H. ibid., Vol, 120, 1955, 
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te belief that the may | be naturally consolidated under the 

- existing overburden because strengths increase regularly with depth. In ; 

certain instances, consolidation tests have yielded well-defined preconsolidation — 

; “4 loads which were substantially less than the pressures exerted after completion a 
q of. a structure. However, observations of these structures during and after 

a construction revealed no significant settlement. This would seem to indicate 1 
the possibility that the true preconsolidation loads are actually considerably — 


greater than those furnished by the test results even though such results a appear 

Numerous consolidation tests made on samples” obtained from the 
detailed in Figs. 3(b) and 4(b). The: estimated preconsolidation loads 
=a estimated overburden intergranular pressures from the ground ; 
surface to a depth of more than 60 ft beyond which depth preconsolidation — 
eae vary rather erratically. it Above this 60-ft depth the estimated ‘pre 


‘true at greater depths, except in the Vicinity of of the- 
. consolidation values of 2 and 3 tons p per sq ft, respectively, were > obtained ml 
two tests. The estimated overburden pressure is 2 tons per sq ft at this depth. 
——s«dItis interesting to observe that the values of unconfined compressive strength 
in Fig. 4(b) generally are slightly less than 0.3 ton per sq ft but that at the 80-ft — 
_ depth these values increase to more than 0.4 ton per sq ft; at the latter depth © 
the laboratory vane results rather closely approximate the field vane results, 
‘The i increase in the laboratory results at this depth is much greater than the 
4 _ inerease of the field vane results. This appears to constitute strong evidence 
that the samples taken from this 80-ft depth were not as sensitive or at any 
rate were not damaged as ‘much by y sampling as the e samples from ‘somewhat 
smaller or greater depths. Unless the estimated magnitudes reflect sample ; 
_ disturbance, it is difficult to understand why the estimated preconsolidation — a 
load toa a depth of nearly 70 ft would show no consistent tendency to vary with -_ 
_ depth as contented with the variation exhibited by both types of vane shear a 


was In of the observed | differences in shear-strength determina-— 

‘a _ tions shown herein, it is certainly questionable whether any extrapolation of | 

the results of consolidation tests can be guaranteed to furnish reliable data. fe: 5 

F Relatively little is known about the susceptibility of the apparent precon- : 


solidation load to sample disturbances, as compared with the susceptibility — 
a shear strength to the influence of sample disturbance. Any extrapolation — 
SS is not based on the resulta of an analysis involving the variables pertinent , 
> to the phenomenon at hand is fraught with uncertainty. How can such a 
‘quantity as “degree of disturbance” be defined in objective terms—that is, 
terms—without of the properties of a material possessing 
mero disturbance? — Degree of disturbance perhaps could be related to the 


distortion would certainly “prove more difficult than measurement of the 


mechanical which it influences. It is that consideration 


‘ 
oads by testing the natural deposit rather than samples taken 
7 
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VANE TEST 


is ssiiibahié that such testing would in all probability be rather. more difficult 


ie _ than the simple vane test described herein. Nevertheless, the development of 


_ such a test, even if it should prove to be of value only for research purposes, 

would at least provide an indication of the t reliability of any procedure witht. 

respect to extrapolating the results of ordinary consolidation 


at “The: primary purpose of the foregoing remarks is to stimulate interest in 


a “the possibilities which appear to reside in the use of simple and relatively — 


inexpensive field tests. It is shown herein that, where shear strengths are 
determined by various techniques, those methods which entail the least amount — 
of handling of material tend to give the largest values of strength. The various a 
tests reported here were performed at ‘comparable rates of deformation. — In 


_ applying shear-strength data to practical problems many other details must be — 


considered, among them: OF over 


bine. | The possibility of progressive failure associated ¥ with ‘the weakening 
w hich the soil experiences after subjection to large deformations. = —_— 


(eee The nonuniform distribution of stresses within the soil mass. 


extensive before it would be to specify accurately the 
s — methods by which these factors should be taken into account in y 


this can be | is s largely on the of the test. It 


‘may very well be that the relative simplicity of the technique seunleed: to 
; =. determine shear strength i in the field cannot be approached for any other type a 


a of testing. Consequently, — ‘it may be that a correlation can be established 
_ involving laboratory consolidation and shear tests and field shear test results. © 
As long as efforts are restricted to extrapolating g laboratory results, there must 
~ only by the development of of more realistic testing techniques. 


> The vanes are are inserted i in 1 soil iI until the four vertical oles are completely © 7 


APPENDIX. 
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‘ 
A skill in preparing specimens as well as to the sensitivity of the particular sol 
aa 4 in question, the most reliable procedure appears to be to utilize testing methods | 
> 
— 
— 
on 3 described by these vertical edges when the vane is rotated and also on a conical | a a 
I | surface described by the bottom edges of the vane during rotation. It is jn wm 


Te 


assumed that the stress bas: a constant. magnitude ovet the surface 

of the cylinder and that upon the conical surface the resistance is either a 

constant and is equal in magnitude to that on the cylindrical surface, or else 
_ increases linearly from 0 at the axis to a maximum value a at the radius of the 
_ cylinder—in other words is proportional to the radial distance. . The fae 


Moment, M., the surface i is giv en by 


ini" tal = 2a RL 
Vike Sh al ebiest ot doidw odd 
in which R i is the radius of the vane, L denotes the vane e length, and Tmas is 
the shear stress. The resisting moment, M,, dev eloped on the conical surface 
_ when the shear stress on the surface is constant and isgiven by 1 


: 


_ whereas when the stress is proportional to the media a distance, the total resist- 


4 in which ¢ is the dimension shown in Fig. 1. The total corresponding soil 
resistances for these two two cases are therefore by the two ex- 


an 


‘The difference between the two magnitudes g given wu Eqs. 4 is, for practical 


purposes, unimportant. For example, for the shortest vane illustrated in 


The difference between these results is therefore less than 34% of the magnitude 


of the t totals by either of Eqs. 4. od? yd 
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- Tt follows from this that the difference between the values given by Eqs. e 


"will be of the order of 1% of the total resistance. 
it is | considered, therefore, that the variation of shearing resistance over 

- the conical surface generated by the lower edge of the vane during rotation is _ 
‘unimportant compared to natural variations in soil strength which would — 


occur within short vertical distances, - lee 
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; EBENEZER Vey, 
oy valuable addition to eure on the usefulness and reliability of the ou 
apparatus in ‘determining the true shear strength of clay soils. 
_ is to be complimented for the painstaking care he sorveaaaaale in preparing samples 
_ for laboratory tests and in performing the field tests. > iy 
a In reference to the sample disturbance created by the insertion of thin- 
walled sampling tubes into the soil, it should be noted that a similar disturbance 
is produced by the e insertion of the vane. Ing a series of laboratory tests whic 
the writer and his associates performed on remolded soils, the friction between 
4 the vane blades and the soil was evidenced by a distinct depression free 
in the soil ‘surface by the insertion of f the vane. _ This depression occurred in ¥ ; 
the three clays at all consistencies. ‘It was greatest, howev er, when 
on Yo the moisture content of the clay was 
fous ‘such as to cause the greatest stickiness. 
It was believed that ty pe of dis-_ 
turbance created stresses in the soll 


likely to have some influence on the 
magnitude of the vane shear. Tocheck 
+ this, two vanes of different lengths but 
of the same diameter were used in q 
_ same soil (Fig. 5) and the results com- 
pared (Table 1). In the large vane, 


shear occurred i is farther from “pws central part of the | vane .e than it is in the 
small vane. — Because the disturbance caused by insertion is greatest near the 
center of the vane, the large vane values are probably less affected by this p 
factor. — Itis is believed that the thickness of the vane blades « and the size of of the — 
vane shaft. are not as important as the diameter of the vane itself. stented 8 
‘The actual shear resistance as measured by the vane then depends on: 7 
‘gs The diameter of the vane, (b) the length of the vane, (c) the ‘stickiness oe 


the soil, ‘and (d) the shear. strength | of the soil. Iti is believed that vane shear 
_ _ values cannot be accepted as as true unless all of these factors are properly 


_ The author ‘States (under the heading “Test Results: Significance | of 
Tt is inital: to believe that the differences observed between ai results of 
_ field and laboratory vane tests are caused solely by sampling operations — 
_ and that the differences between the laboratory vane and unconfined — 


4 compression results are largely attributable to the ) of the 


Prof. of Civ. Eng., Illinois Inst. of Technology, I by 


H fi 
Wa 
I 
4 
— 
— 
‘Fra. 5.—Two Frevp Vanes 
— 
> 
| 
s 
= 


Because of pice fachbed vanes of the same size and ‘shape would have to be 
_ used in the laboratory on samples of the same soil tested i in the field to a 
_ There is an additional factor hid would tend to give the lower values — 
oa the author obtained using the small vane in tl the laboratory. | ‘The deposit — 
4 tested was a varved clay consisting ; of alternate thin. layers of clay, | silt, and 
fine sand. The vane shear in the field measured not only the shear strength — _ 
ha of the clay but also the shear strength of the silt and sand which v would be “a 
, Lia function of depth because of the increasing intergranular pressure 2 with « depth — 
produced by the overburden. Because of the confined state of the laboratory a 
sample, the cohesionless material would again be responsible for some, noon 
“much less, of the v: vane shear 1 resistance. In the case of the unconfined com- 
_ pression test there is no confinement of the cohesionless layers. Because =: 
_ shear strength obtained by this method would be almost entirely that of the — 
- clay, it would be expected to be much less than both the laboratory and the 
field vane strengths. Moreover, the unconfined compressive strength would 
‘ be expected to remain fairly constant with depth, within the depth where the © bs 
pressure was about the same. more realistic measure of 


i, 


the strength for comparison with the vane , data i in this type e of soil would be he 
- the triaxial shear. The data for the boring in Figs. 3(b) and 4(6) indicate i) 
that the increase in field vane shear over both the laboratory vane shear and 
the unconfined compression shear is more pronounced at the lower depths. 
It is also noted that the plasticity index values decrease with depth, which 


_ would indicate an increasing proportion of silt and sand. This increasing 


"proportion would reduce the unconfined compressive strength even further, 
_ whereas the field vane shear would continue to increase with overburden 
pressure and the laboratory vane shear would show a smaller increase. ate There 
is considerable doubt wee the vane results are reliable in highly silty orsandy _— 
«Ew ie believed that “ consolidation samples prepared and tested by Mr. 
= Gray did give reliable preconsolidation loads and that the disturbance of sam- aK 
. pling and trimming consolidation samples was really only of secondary ~ 
7 portance. 7 The fact that, as the author comments (under the heading, ” Test 
Results: : Implication for Other Soil Properties”): “#*#laboratory vane test 
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of the field vane strengthst**” this does not necessarily imply that the ‘samples: 
dangerously disturbed and the consolidation data unreliable, ai boas 
Mr. Gray mentions that at the 80-ft depth the unconfined compressive 
4 strength was more than 0. 4 ton per sq ft compared with less than 0.3 ton per sq 
= - ft throughout the rest of the depth and that in the former | region the laboratory 
vane results rather closely approximate the field vane results. He suggests 


that the soil at the 80-ft was not as sensitive or as by 


‘many black organic stains. " This’ would indicate that this soil might have 

‘ - had a higher organic content than the soil above and below the 80-ft depth. — 

¥; Such soil content would provide a binder for the cohesionless material and 
thus give to the soil mass a high cohesive strength after having been con- — 

solidated under a pressure of 2 tons per sq { ft. This mixture would accordingly 

a derive its shear strength mainly from this cohesion; under the circumstances 

then, all three shear values would be expected to agree closely, 

_ The writer believes that, in evaluating the discrepancies between shear 

obtained by three methods, Mr. Gray has overemphasized 


sampling. Furthermore, the nature of the vane may also 


th 


Mr. Gray >: 
paper which is intended to interest in the use the field vane to 
af secure in-place shear strengths of soils. This device has its definite place in the . 
equipment t that a soils engineer may use to obtain adequate and economical a 
4 measurement of the shear ‘strength « of soils. fe The pu purpose of this discussion is to 7 
sured by the vane (both miniature and field) and by conventional labora- 


The writer has shear-strength data with which comparisons ean be made — 
_ between the results of miniature vane and unconfined compression tests. This 
information was | obtained. at a number | of locations in the Gulf of Mexico: 


River and, therefore, are a Recent Age. They are less sensitive than the ag f 
soils studied by the author with the degree of sensitivity averaging approxi- 
‘mately 2.5. fe The miniature vane tests were made by inserting a four-blade 
- vane, 0.760 in. in diameter and 0.685 in. long, into the end of a Shelby tube 
sample as soon as the sample was recovered from the boring. The vane was % 
rotated slowly, and the maximum torque required was observed. ~ Rotation was : 
Sontinved and the minimum torque required to produce a continuous rotation 
was also observed. Maximum and -Iainimum vane strengths were computed 
from these observed torque values. Unconfined compression tests were made 
at a constant rate of strain of about 2% per min. Good agreement was found — 
between the maximum miniature vane strengths and the shear strengths from e. a 


ow Senior Soils Engr. » Me McClelland Engrs., Ine., , Houston, Te. 
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- from the sampling tube and prepared for testing without excessive diatusbince. 
7a | ‘The only exceptions to this agreement have occurred when the tests \ were > made 


agreement glen the minimum miniature vane strength 
the shear strength from remolded unconfined compression tests. 
ag __ Investigations with a field vane, 3 in. in diameter and 6 in. high, were snide: ‘. i > 


were also performed. these investigations, thes agreement between ther results. 
=a of miniature vane and undisturbed unconfined compression tests cited pre- e 
ae viously was obtained, but significantly higher shear strengths were obtained by ‘ dik 
at the field vane. However, the results of consolidated-undrained triaxial tests it 
performed on undisturbed samples, with a lateral pressure equivalent to the 
et computed effective overburden pressure at the depth from which the sample was 

obtained, were comparable with the field vane test results. 

-_. In the light of the foregoing information, the writer agrees with Mr. Gray's 

conclusion that the difference between the undisturbed unconfined compression 
rae and laboratory vane results for the sensitive soil studied is primarily caused by: va a 
unavoidable disturbances in sample preparation. However, it issuggested that 
ee structural disturbance during sampling may not be the only 1 factor causing “<r 
a difference between the field vane and the laboratory vane strengths. There may 
be a more fundamental factor such as, possibly, the stress relief to which sell 
Bes a sample is subjected in bringing it to the surface. _ This would m mean that: : (a) "i 


oy. Even if tests were made on undisturbed samples that were perfect with respect _ 
2 to structural disturbance, there would still be an intrinsic difference between — 


ment, especially at appreciable depthe, between the results of these two tests 


Date T. Hannoux, A. M. ASCE. 


ie _A vane shear test is basically a direct-torsion shear test. performed in a. hige. 
- horizontal: plane with a vertical axis of twist. in any” direct shear test on 
typical soils having both cohesion and friction— a 

In the case of the vane shear, the is to the 
ee pressure, which is in turn a function of ‘the vertical soil preswure at that point. ty 
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GRAY ON VANE TEST 


eo Referring to the test data in Fig. 4(b), it is shown that the siakii un-— 
onfined compression tests on the soil samples, free of any enclosing lateral Pos. 
stresses, display very little increase of strength with depth. 
s On the other hand, field vane shear results show an appreciable ineveass of: 
_ strength in direct proportion to increase in lateral pressure. The laboratory — 


oo shear tests conducted i in the sample | tubes display this sts increase ¢ eof 


the natural lateral soil pressure by the sample tube. 


_ Because the vane p shear test, like the unconfined compression test, measures 


conventional direct-shear test results were e available, 
more analytical study of the problem could be madee 
ee _ The increase of field shear with lateral stress due to depth could also explain fic, i 
a the author's observation (under the heading, ‘ ‘Test Results: Significance of Naas 
_ Results”) that the increase of shear value is attributed to a possible natural por 


‘ 


represented by a test. This is true because the 
insertion of a vane to some extent disturbs and weakens the adjacent soil. re a 
__‘The results of vane tests made at the bottom of drill holes merely approach Pi aes 
§ the strength 1 than do test results of even the best 
undisturbed samples. a * 
This statement Tecognizes the fact that the insertion of any object—be it 
P. & distortion so that the strength determinations which follow such insertion — 
as must reflect, to some extent, the effect of soil disturbance. The distortion — 
BA isp xs and the effect thereof on measured stren gth vary not only with the magnitude © 
‘a a and configuration of the displacement but also with the particular soil. That 
is, certain soils at appropriate consistency, when cut or indented, tend to— 
Sas ah “undergo relatively large deformations remote from the area of applied stress a3 - 
whereas at softer or stiffer consistencies the separation or indentation causes & 
2 ae negligible deformation at remote points. The effect of distortion on strength - oe 
also seems to vary with soil consistency ai and the ratio of natural water content if ie: of 


AM 


Ee oa bout The insertion a a large vane in a sample tube is obviously undesirable, 
oe but the use of a miniature vane in the field introduces different complications. — 
Consequently, a comparison between field and laboratory vane tests wherein 


4 Chairman, Dept. of Civ. Ohio State U Univ., Ohio. a 
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GRAY ON VANE TEST 
4 one and the same vane is used does not appear practicable except at very ag 
It is clear that the presence of granular varves introduces a — 

ATs factor. Thickness of of the individual varves is probably the most significant 
- item because friction on the circular p periphery of a very thin varve can hardly — 
beimportant. Preliminary investigations have demonstrated that it is possible 

to rotate a vane in loose cohesionless soil. nd Sampling of such soils in a manner 7 

which will n ‘not greatly alter their density requires very elaborate procedures 

and i is normally impracticable. Hence, some type of testing in situ is desirable, 7 
but whether vane testing of loose cohesionless deposits can yield —_ 


information remains to be seen. However, it is suggested that when a soil 


containing relatively angen _varves of cohesionless material is sampled the 


tested in triaxial compression high results are obtained. Furthermore, 
a _ when a highly sensitive, purely cohesive soil i is sampled and then subjected to 


sure, the unavoidable ‘sampling disturbance coupled with reconsolidating 
pressures will produce a void ratio which is smaller than the value in the 
ae ground. Shearing the material at this reduced void ratio may result 
a ina greater observed strength than that that possessed by the natural deposit. care 
There is no comparison in the time required and cost involved in perform- 
Pp q 
5 ing the field vane and triaxial tests, and hence if vane tests are reliable they are 7 
economically important. The writer is just as reluctant to accept the e thesis 
that sampl ling and handling sensitive materials do not affect laboratory test ”. 
1 results as others are to abandon it. Both attitudes are subjective, and one is 
) not likely to ‘0 change a subjective attitude unless it is challenged. _ The writer 
seriously doubts whether it can be proved that tests of samples of highly 
_ sensitive soils are more reliable than field tests and feels that up to the present 
time (1956) no semblance of such proof has been presented. Such proofs are 
not likely to result from a a complacent attitude. Irrespective of the cause of ‘g 
iM _ the differences in field vane and laboratory test results, when such differences _ 
- do occur it is likely that one value is more reliable than the other, and con- 
aa sequently a choice must be made as to which value is the a appropriate | one to 
. The writer has not been persuaded that direct use of or extrapolation - 
from laboratory test results is always as reliable as measurement of mechanical - 


a | properties in the natural deposit in the field and therefore is inclined to favor 


conclusion, the writer expresses his thanks to the various discussers 
_ and hopes that others will undertake to answer some of the uncertainties which | 


inherent in this. aspect of soil mechanics. 
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| analysis is made herein of airline travel between large- and medium-sized _ s 
hubs of airway traffic. It is suggested that, for stations more than 800 miles S 
apart, the number of trips between any two stations depends primarily on t! the 
total traffic at each of the stations and on the quality of service. — end 


we The forecasting of air traffic is an art greatly in need of reliable i . 
principles. Long- range forecasting seems almost impossible; short-range 
forecasting is of course much easier and, in : peaction, much more important. 
_ Changes in airline service are usually based on effects expected in the next — 
few months or years rath ver than in the: next few decades. Short-range 
a forecasting is by no means an exact science, and successful forecasts may owe 

more to good intuition than to scientific 
sia It is the purpose of this paper to call attention to a typical pattern a 
< interstation airline trav el and to suggest a a simple underlying law in an attempt a 
to provide a firmer ground for forecasting. (The data throughout the Peper : 
on are domestic travel statistics reported by the Civil il Aeronautics Board?). Ooh 


hen airline travel data are suitably organized, a rather remarkable q 


a pattern en emerges, quggesting that, for stations more than approximately 800 


miles ; apart, the number of trips be between | any two stations depends primarily — 
on the total traffic at each of them and on the quality of service offered. Itis = 
of the distance between the stations, 
stall To the extent that this law i is) valid, it should lead to an easy determination — ' 
a the effect of important changes in quality of service. if It will always be a 
‘to modify any such rule to accommodate local 1 peculiarities, but 
7 _ the rule may at least provide a a useful first approximation. rel wate? easiest a 
foregoing pattern is exhibited in 1(f) shows traffic in- 4 
_ volving Dallas, Tex. Each point represents one of the other sixty-one large 


| 


oe Nore. —Published, essentially as printed here, in May, 1956, as Proceedings Paper 987. a Positions 
and titles given are those in effect when the paper was approved for publication in Transactions. 

! Associate Research Engr., Inst. of Traffic and Transportation Eng., Univ. o of California, Berkeley, 
“Qrizin- Destination Aisling Revenue Survey, September 17-30, 1954," ” Civil Aeronautics 
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or "or medium hubs, showing the travel between the hub and Dallas iaaindidion. > 
to the former’ s total traffic. For example, the uppermost square is for travel a 
- between Dallas and New Orleans, La. (440 miles apart) . During the su survey 
period this amounted to 1,140 Passengers, Ww yhereas the total traffic at New 
Orleans was Fase. 102 passengers. _ The ratio wail 5. 1,140 to 21,102 is 0.054, the 
will be that the points decrease in height : as increases 
hie ‘approximately 800 miles but that thereafter they lie in a substantially — 
horizontal band. In p particular, the ‘squares, representing station-pairs having | 
nonstop service, rather clearly exemplify this pattern. 
Figs. 1(a) to 1(A) are strikingly similar. In each, for long- distance travel, 
the squares lie roughly on a h _ On the average the solid circles 
(station-pairs having one- -stop, through- -plane service) also lie 
zontally, a a little the level of the still i is. a horizontal 
Certain devotions the pattern occur such | Ge 
1. Traffic with Miami, Fia., Tampa, Fla., Minneapolis, Minn., and Fort a 
“" 2. The critical distance of 800 miles applies for most cities. For 
Colo. »., Los Angeles, Calif., Francisco, Calif., and Seattle, WwW however, a 


greater distance applies, perhaps 1,200 miles. a 


_ There is a venerable theory of transportation which tes holds th that the traffic 
two centers is proportional to the of their 


in which is number of between ce A and B Re period) 


a 


betw een them ; and k isa constant independent of Nn and B. This law may 
have some to short-distance : ‘sirline travel For 


The population served bps an airp 
population (in the sense required by the for mula) i is not necessarily , determined — 
byacensus count. For the purposes of this paper, it is expedient to substitute 
the station’s total airline traffic, and Tp, for Pa and Pg. The total traffic 
of a station is a definite number and ¢ one which should reflect effective popula-_ 
tion closely enough. 
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4 that the distance between stations has little or no effect on the airline travel — ia ‘ 

a Suppose instead that long-distance travel between A and B is proportional — | — 
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Ibis is for J ‘Aan and B at long 
the ratio, Tan/Ts Tx, is constant. mi 
This. ratio—termed the “normalized interstation trips”—is , as multiplied 
= by 108, ‘shown in Fig. 2(a) for station-pairs having nonstop service. — The | j 
points indicated represent trips between the twenty-one largest hubs and— 
excludit Y Miami and Tampa—all suitably served large or medium hubs with — 
ion distances greater than approximately ‘800° ‘miles, or 1,200 miles 
“4 for points involving Denver, Los Angeles, San Francisco, or Seattle. Fig. 


2(a) thus brings together the solid squares (long distance) of Figs. 1, with ; 
ag their values put ona comparable footing by dividing them by the base station’s 2 
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ad Omitted in following statistics: Normalized Trips—mean 32.74; variance 44.13. 
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Omitted in following statistics: Normalized Trips—mean 23.46; variance 67.42. 


: station- -pairs with one-stop, through-plane service as the most direct connection. 


i 
ormly i in a 


_ it will be seen that the points of Fig. _ 2(a) are in fair agreement v with the 
foregoing assumption. — The points lie rather unif 


a horizontal ba nd, 


lation 


trips, , but f for 


supporting the theory that the distance between stations is. ‘irrelevant to 


traffic between them. There i is of course considerable scatter the 


» TABLE 2.—Normauizep InrerstaTion TRIPS AND 
| Distances—One-Srop Roures—SerremBer 17-30, 1954. 60) 
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differences in quality of service, because of special community of interest, 
and other local factors. — = Perhaps some of the scatter is due to the use of the 
normalizing function; an improved normalizing function might pull 1 the 


see do not lie on a line. This is to be expected because of wide 


; byl In Fig. 2(b) for one-stop routes, the points appear 
increases. However, this variation from the horizontal is not’ very senda 
- To hold that the points are independent of distance is approximately as 
accurate as to hold that they are inversely proportional to distance. y The 
A, standard deviation (excluding the points shown as open circles) i is 8.2 for the 
ine assumption of independence of distance, and 6.8 for the inverse distance law. 
a A noteworthy difference between Figs. 2(a) and 2(b) is the average | height — 
of their — Excluding t the abnormally high points (open circles), the 


—Normatized INTERSTATION AIRLINE Tries Versus INTERSTATION. 


4 average for Fig. 2(a) is 32.7, whereas that for Fig. 2(b) is 23.5. “This ilies 


that changing from one-stop service to nonstop service will, on the ll 


increase the interstation traffic by about 40%. Such a wale, if valid, would 


offer a very useful starting point for forecasting the effect of improvement in 
airline service. It would be especially useful if it could be refined to apply a ¢ 


to several | degrees of quality of service. 
The true significance of the exhibited in this depends on 
‘ie answer to a great many questions not yet investigated. Are the patterns — 


the same for small hubs? — Can the method b be extended to shorter distances? 
Does the pattern” change from year to year? Is September traffic typical 


(in the required respects) of the traffic existing throughout the year? How 


of the sc scatter in ‘Fig. is due to differences in quality o of ‘service? 
re differences between Figs. 2(a) and 2(b) due to differences in size among 
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iy Perhaps only the last question is easy to answer . The farther apart the | = 
. stations are, the greater the advantage of air travel over ‘competing forms of — 
transportation. If total interstation travel by all modes were inversely propor- 7 
tional t to distance, the airline portion would be greater f for longer interstation — : 
distance and would tend not to decline with distance. A more important 
_— ‘Feason may be that the airlines have succeeded to a considerable degree in 
_ eliminating | distance as a factor in travel. The « difference in time between 
ate destinations is relatively small, and one can cross the country for 
little more than it costs to go from San Francisco to Dallas. _ Whatever the ~ 
future of air transport, it seems safe to predict that operations at the airline 
terminal will be of increasing x importance both in airline costs. and in | 


sengers’ total travel time. Interstation distance will matter very little. 
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‘THE ANALYSIS OF WATER SAMPLES FOR 


Srnorsis — 


e tidal current has noted. paper presents an n attempt to 
characterize the tidal variation of MPN-values by a quantitative, _ systematic 
method. After subjecting the data to this systematic method of appraisal, a ’ 
a further analysis i is made of the unexplained variations which still remain after i 
4 ‘subtracting the variation accounted for by the tidal currents. The > magnitude ~ 
_ of the remaining variations is compared with the magnitude of both the theoret- Lal 
~ ical variations to be expected with an MPN-test and the actual variations 
obtained when analyzing a sample of 20 replicas. Although the | 
" removed by the tidal effect i is large, the remaining variation is still greater tom 


However, the variations explained by both the e sinusoidal variation due to the 


tide and the theoretically expected experimental error constitute a considerable — i 


. Pollution-control agencies in the seaboard states are ar confronted with 


of great importance in many instances because it it may mean the closing of Be 
beaches and the consequent curtailment of recreational activities for many 
people. Although the quality of inland waters is in general subject to ed 
ations that are more or le r less regular—for example, the seasonal variation ostensi- ; 


due to the of the iden. Ue wethod be catende! shorter 


____ Nors.—Published, essentially as printed here, in April, 1956, as Proceedings Paper 930. = 
and titles given are those in effect when the paper was approved for publication in svansnsione. , ne - 
“The Health Department's Role i in New York Harbor Pollution Control,” by Harold Romer, 
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oa , _ The more or less regular variation of the most probable number of coliform 3 
— zz 
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data rmnies of tidal waters he internretation of these data: ia 
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By can be analyzed. . Specifically, the magnitude of the tidal influence and 
its phase relationship to the tidal current can be determined, and the residual 
--variation, whose magnitude determines the amount of tidal mixing to some 


88 Although the method for analyzing tidal varistions is presented, any ih 


‘method was dev eloped for the simultaneous sis of and tidal 
“ations in the waters of upper New York Harbor in New ‘York. 
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in which Y = logio MPN; Ki, Kz, and to are constants; and 7 is the period of | 
tidal cy cle i in New York Harbor equal to approximately 23k  @#§;«; 
los ~The method of “least squares” was used to evaluate the constants, Ki, Ks, 


and to. In the form of Eq. 1, the constants cannot be readily determined. 


sin = sin = cos (2) 
which is the familiar subtraction one obtains by sub- 


Y= Ky + 


nl 


Eq. 4 can then be used with the observed data. Bys summing the observa-_ 


tions and by the ‘Partial derivatives of the summed d equations with 
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WATER SAMPLING 


respect to the constants, Ki, K and K 4, one the equations, 


¥a way. dak 


aru io A 


sin zs sin* > sin — cos —|j || = sin — 


and if if the matrix involving t the sum of the dependent terms on the left, side of “a 
equation i is set equal to || As a simple form is obtained as follows: 


from w which the solution of the constants is obtained. — . 


many instances, the matrix, || Ax ll, approximates a diagonal matrix 


_ because the terms, = sin t/p, 2 cos t/p, an 
tively sm omall with to N, sin? and 
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moti 


5 4% 


and the solution of the constants i is 


Y¥sin— 


if it is conducted during only one part of the cycle, the matrix is not diagonal 
and the - pee of Eqs. 6 must be performed by ot other eet! such as | deter- 


K: and to can be computed, and the general prediction equation (Eq. 1) can be 
The te and can be determined from K; and K, by 
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a | 
q 
d 
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Pie Fig. lL. In Fig. 1, ¢ is the elapsed time from an arbitrarily chosen ee 


point (the time at which the last maximum ebb current occurred) ; to represents 
= time at which the ‘Sinusoidal code & starts (or, in other words, the phase 


a. 
The observed values of MPN: used for this analysis were at 


sampling point in New York Harbor. A mar showr n in Fig. 2, samples were . 


equal 


Fra. 
TAw 


collected every 20 min for a 2 14-hr period . However, data for only the first. 12 
hr and 35 min were used in order not to emphasize any one phase of the tidal 
-_eycle. ‘Table 1 § 1 gives observed and derived data of sum 


various columns in the table are: 
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check the The problem is is then to find the inverse of the 


1.2407 0.5996 
19. 91224087 0.0 09358751 


—0. 5096 0.09358751 


“wl 
agonal. Henee, the stated herein can be used to determine 


ne values of Ky, Ks, a and Ka, which essere 


= 154. 5207 /38 = 4. 06633, — 
= 12. 2420002/10: 91224087 = 0.6 
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8 SAMPLING 
er The fact the value of to (—0.20 hr) as compared. 
- to the length of the current period (12.38 hr) indicates that the current curve 
_ is approximately 90° out of phase with the _MPN-curve, as shown in Fig. 3. 7 
This indicates that the values of MPN reach their maximum at the end of the : 
ebb current (ebb-current slack). At the onset of the flood current, the aaa =. 
ats of MPN continue to drop until the end of the flood-current period, at which 
time the minimum values of MPN are reached. When the ebb current begins, 
_ values continue to rise again to their maximum at the end of the ebb current. = 
It appears that high valu alues of MPN are associated with the ebb currents. ry) ; 


For computational pu purposes (in order to draw : a curve), Eq. or 3 can 
used. Eq.3hasbeen used forthisanalyss. 
- a The | differences between the values predicted by Eq. 3 (<inusoidal) and the 
im ctual observed valiies were analyze to determine whether these differences 
could be considered as normal experimental errors. 
Table 2 presents the details of the analysis of the residual error. As this 
table shows, the residual errors do not form a normal distribution. This can 
be readily ascertained from the value of x? = 103.86. The values of x* would 
) ta be obtained theoretically less than 1% of the time if the distribution of residual 
‘errors were normal. Howev er, the high value of x? is almost entirely. due to 4 
observation of MPN-values at 1440 hr which were 350,000 per 100 miles. nol 
_ the value of x? is not considered, the remaining values s of the residual errors are 
grouped ‘normally. -‘Jnasmuch as the relativ ely high value of 350,000 may be > 
_ due to “streaky"’ pollution, the remaining analysis is conducted after this max- _ 


+P After the value of 350,000 has been deleted, the iciemupated va for the - 


variance and standard deviation are o%, = 0.167 and o, = 0.408. 
If this observed value of the variance compared favorably with a couibined q 


experimental and theoretical variance of the MPN- test, there would be a com- 
plete explanation of all observed values. W.G. Cochran’ presents theoretical — 
pogo for the variance and for, the standard deviation as o, = 0. 067081 and a 
= 0.259. T he observed ‘variance is s is approximately. 23 times that of the theo- 
P retically expected variance. However, the theoretical variance does not include ‘a 
the so-called “human” error. Any series of observations would , of ‘course, a 
_ include both the theoretical error and the experimental or human error. bes: 1m 
Asset of twenty replicas sample (Table 3) were used in order to estimate 
the total al experimental and theoretical errors. An analysis of these replicas indi- 
cates that the variance and standard deviation of the : sample were o?, = 0. 0909 
— = 0. 3015. Although t the value. of variance (0. 0909) for this combined — 
experimental and theoretical error is smaller than that obtained for the observed : 
residual variance (0.167), the major part of observed residual variance can be 


accounted for by the combined experimental and theoretical error. 
_ quantitative method to determine whether a sinusoidal curve is a reason- 
able representation of the original data i is outlined in Table 4. For the ex- 


_- #“Estimation of Baeterial Densities by Means a the Most Probable Nun 
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£ of a sine curve. ‘T he residual mean square e value obtained i in Table 4 (0. 253608) — 
should check the value of the variance obtained in Table 2. _ The method of 
_ Table 4 for obtaining an estimate of the residual error is preferable to that of 
Table 2 because it involves considerably less labor; in Table 4, P is the proba- — 
bility of random occurrence and F is Fisher’s ratio of squares. ubiagn 
sinusoidal variation which accounted for much of the total ‘Variation in 


coliform « The r reservoir ‘with high ‘coliform conte 
utes most of the water at the end of the ebb period. Values of MPN begin to 
dower as as the high-MPN reservoir waters are diluted by the low-MPN reservoir 
waters until the lowest | MPN occurs | when the low-MPN reservoir waters are 


4 


— 


>, ‘Source of variance Sum of squares of freedom [ean squares 
hee 


"0.253608 ~ * = 4.27 0.01<P<005 
— 


* Equal to Ks sin +Ki, ¥ cos — 2K, + Ke —2 KiK. 


If the reservoir | waters ‘completely mixed and if no other sources of 
“variation ‘other than the tide and the residual variance were present, then oa 


would be equal to _ approximately 0. 10 and would represent the combined e: 
perimental an and theoretical variations. The — is the amount 


4 of variation due to . incomplete mixing. 2 As can be seen in the - x analy sis of 
_ Table 2, the amount of mixing observed i is s rather uniform except { for the sample — 


obtaine at 1440 hr and characterized as streaky. 
maak Iti t is obvious that applying the m method to other factors of stream pollution— - 


‘such as biochemical o oxygen :n demand, dissolved oxygen, water temperature, and _ 
_ similar factors—is possible f for cycles of various periods. Other cyclical varie 7 
' “ables « encountered i in the ss sanitary engineering field, such as the chlorine desnge 
required for for a given chlorine residual, may well t be ) applicable to — analy-— 


rag 


the dosage can then be: administered accordingly. 
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Ther relationship of the quality ‘of tidal v waters | to tidal currents, the mean 
value of water quality over a tidal cycle, and the magnitude of the variation 
from the mean value can be determined by the statistical methods presented. 

Data for New York Harbor waters are susceptible to these methods, and the 
ee Tesidual variation in the example data (after the variation due to the tides is 

subtracted) is consistent with the experimental data. By ay application ofc cylical 

statistical methods, tidal-water data can be conveniently summarized, inter- 
preted, and utilized i _in the establishment of rational tidal- al-water-sampling pro- 
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JOHN T. LYNCH,? A. 
‘This paper presents some of the results of traffic studies pertaining to the 


Maine 2 and Pennsylvania Turnpikes made by the Bureau of Public Roads» 
States Department of in with state highway 


1 ‘supply. the federal bureau with detailed information on traffic over” 
various turnpikes and with monthly traffic counts on other roads. “For 
. several of the turnpikes, comprehensive studies were made in which the origins a 
and destinations of trips” were determined. Analyses of the volume counts 
and trip origins and destinations are attempted herein in order to provide © 


INTRODUCTION 


When a high- -type such as toll road i is constructed, there i is 
7 7 large diversion of traffic to it from roads immediately y parallel to it and a 
_ lesser diversion from more distant roads. In addition, there is an increase 7 
traffic throughout the area known as “traffic generation. Some of this 
- “generated” traffic is really diverted from public carriers, but a considerable ~ 
part of it is composed of new travel which would not have been made if the ~ 
facility had “not been available. a This generation appears 


te  AnnvaL Percenrace ¢ or 
Meine Turnpike—The Maine Turnpike offers a good opportunity to study 


traffic generation | and | growth because (a) there is only one road through the a ‘ 


area | which runs closely parallel to the ‘turnpike and (b) very little of the 
— traffic could have been diverted t to it bis other more distant roads = 


- and titles given are those i in effect when the paper was approved for wegeveings in Transactions, 
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In Fig. 1, the trend in traffic on U. S. 1 and on the Maine Turnpike from 
1947 (the year preceding the opening of the turnpike) through 1953 is compared | + 


to the trend important roads throughout These traffic 


ja is lowest, _ This was done.i in order to eliminate traffic from the 
count as much as possible because the turnpike could not be conveniently yused 
for local travel. If the count had been made near Portland, Me., at the 


north end of the turnpike where there is generally a large amount of local 


travel, the comparison would have been less significant. 
In Fig. 1,. the 1947 traffic is taken as 100%. The line sloping upward __ 


ee the trend of traffic | other important roads throughout the state; 


TREND FOR OTHER MAIN RURAL 
TRE FO 


ROADS THROUGHOUT STATE = 
state noijeiqoos ai (907 


100 | 


ei 


1948 1949 1950 1951 


oo) or TRAFFIC on Maine To on U. 8, la 


it might be presumed that U. 8. 1 traffic would have increased at a re 
rate if the turnpike had not been built. After December, 1947, when the 
_ turnpike was opened, the traffic through the “corridor”—that is, on both the 
; turnpike and _U. 8. 1—continued to increase more. rapidly than traffic on 

: 4 other important roads in the state ; therefore, it appears that there was con- 


add The percentages: within bars indicate the distribution of corridor 
: traffic between the turnpike and U. 8.1 1 In 1948, 45% of cortidor traffic ‘was 


& S. 1 (as shown in the lower vast, - This relative. distribution remained — 
reasonably constant between 1947 and 1953. 1953, of the traffic was 


wont de 


on the turnpike and 53% | on U.S. 1. “This ‘slight expansion of propor tionate: 
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a TRAFFIC DIVERSION 


turnpike usage occurred despite the fact that pa: passenger-car toll rates were : 
- increased in May, 1949, from $0.50 to $0.60 for full-length trips of about - - 
miles and again in May, 1952, from $0.60 to $0.75. © » In 1953, traffic on U.S. wil 
was only 3% lower than the year before the turnpike was opened. It is 


hen this occurs, a higher puitentage of traffic will probably be diverted lite 
of the turnpike, varying, of course, with the : ‘steps taken toimprove U.S.1.° 4 
: - In determining the traffic expected on a proposed toll road, a common | ba 


a. Estimate the 
which would be diverted to the new facility; 


Increase this by a generation factor to account for the new 


1 expected after this superior, high-speed route becomes available; and. 
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NOTE: 1947 TURNPIKE TRAFFIC ES- 
ON BASIS OF 1948 
PISTRIBUTION BETWEEN US! 
TURNPIKE 
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g. 2 is ‘a arranged vr to ‘test the “reliability of this procedure and to 
- facilitate « determination of the generation factor that should have been used 
in forecasting traffic for the Maine Turnpike. This chart is plotted on semilog— 
_ paper which has the characteristic of presenting equal growth rates as parallel — 
— lines regardless of the elevation of lines on the cha rt. The lower curve shows 
_ the trend in traffic (1947 to 1953) on the principal roads throughout Maine, 
- exclusive of the turnpike. The upper solid curve shows the trend on the 
. throughout this period. In b both ‘cases, the 1947 traffic is assigned 
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Pe ‘The turnpike wa was not open in 1947, and its traffic for that year was estimated i 
- on the assumption that the distribution between the turnpike and U.S.1 | 
_ would have been the same as it was in 1948—that i is, 45% on the turnpike 
The sloping, broken lines above the turnpike curve in Fig. 2 are drawn from 
points on that curve for each year back to the vertical axis through 1947, 
parallel with imaginary lines from points for corresponding years on the curve = 
for other main roads to the 1947 point on that curve (ordinate 1 0). h These 7 
— lines, therefore, show the part of turnpike-traffic increases attributable to nor- 
mal growth : as measured by the trend on other important roads throughout the 
state. The ordinate of the point of intersection of each line with the ‘vertical: 
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Fic. 3.—Growrs or Txarric on ANIA TURNPIKE (rrom To 
To Taat ow Orner Rurat Roaps Tazovcnout PENNSYLVANIA 
axis through 1947 is the generation factor which, if used in the nail 
_ would have resulted in a correct forecast of the turnpike traffic for each = ; 
assuming that the normal growth trend had been accurately forecasted. oe Lo oa 
The relatively wider spread between these sloping lines toward the bottom . 
7 of the chart indicates that traffic generation is largely accomplished in the 4 


earlier years. _ However, the space between the third and fourth lines is 
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a7 _ somewhat greater than that between the second and third lines, and this may q 
x. be due to the generating effect of of the opening of the New Hampshire Turnpike — _ 


: ol The value « of the ordinate at the ordinate axis of the top line (1953) is 1.87. _ 
_ However, to say that this means a 37% generation for the period would net, 


be entirely ac accurate because Fig. 1 showed a somewhat higher. diversion from — 
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TRAFFIC DIVERSION 


‘the 1953 generation factor coinputed in the same manner is 1.30. The to 


ference between the 1 37- factor and the 1. 30- factor is attributable 


coma on n the section! of ‘hee: Pennsylvania Turnpike 

_ Pa., and Carlisle, Pa.) and on other rural roads in Pennsylvania. — orn 
1947 and 1952 the turnpike curve is steeper than the curve for the other © 
roads; this indicates relatively faster traffic growth on the turnpike. Because 
the turnpike had been operating for seven years in 1947, this turnpike-traffic 
increase not generation occurring soon after the he opening o a 
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“Fie. oF ON TURNPIKE Inwmy To Cannes) 
Comparep To Tuat on Orner Mary Roaps Tarovanout Pennsyivania 


wore during the Of 1952, prior Maw) followicg 


- new facility. There is no way of knowing whether this increase resulted from p. 
continuing generation or rather er from increasing di diversion. . The fact that the = 
rate of growth of traffic on the other main rural roads throughout the state is a 
“materially lower than that on comparable roads in nearby states suggests 
ee that i increasing diversion may at least have been an important factor in this — 
A growth. — The two curves are very “nearly parallel between 1952 and 1953. 
4 The very ¥ ies slope of the turnpike curve (1950 to 1952) undoubtedly shows 
——_ the effect of the opening of the eastern and western extensions of the turnpike. 
_ The former was opened in November, 1950, and the latter partly in August, 
1951, and partly i in October, 1951. This is a good illustration of the effect a 
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j ever, it must be remembered that as the turnpike network is — 


DIVERSION 


petition between parallel routes also would result-even between routes quite 
far apart—which would have the effect of depleting the volume of traffic on 
a particular turnpike. odd Todt sensed 
ane Fig. 4 shows the growth of traffic on the old section of the Pennsylvania — 
_ Turnpike compared to that on other important rural roads in Pennsylvania — 
,§ for a longer period (1941 to 1953). - During World War II, traffic on the turn- 
pike decreased much more rapidly than that on other roads. After 1943, it 
- increased so that in 1953 turnpike traffic was 187% higher than in 1941, 
whereas traffic on other principal roads in Pennsylvania was only 24% higher q 
- i in 1953 than in 1941. Of course, the traffic increase on the other roads would — a 
_ have been greater if it had not been for diversion to the turnpike, but it would a : 
- still have been less than the turnpike increase. The phenomenal grow th of 
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Fic. 5.—Six- Year Averace Percentage or Corrtpor Trarric Ustna Marne 
traffic on the Pennsylvania Turnpike is probably due io features of 
ee. particular: project; it would be unwise to assume a corresponding growth — 


of the. ee of the turnpike... The question arises as to whether it * con- : 
stant throughout the year or varies withthe season. 4 
_ Fig. 5 shows the variation in the | percentage of the corridor traffic on the _ 


- Maine Turnpike, in the different, seasons as an average of. the six years of. 
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- traffic i is light, the turnpike is relatively | less Sostatiod than at other times of 
the year, such as during . July, August, and September when there is very” 
_ heavy traffic. This is of special interest because most studies of turnpike © 
usage are at in the summer ‘months, and it is important to estimate the | 
extent to which conditions prevailing at that time are representative « of con- 
ditions throughout the year. The horizontal broken line on the chart shows — 
the annual average pereentage of corridor traffic on the turnpike. It will | 
~ be noted that this is only . about 3% less than) the percentage for the July, 


August, and September group. The lower percentage of the January, Febru- 


the proportionate turnpike usage in * thé different seasons | was found for 4 
eastern extension of the Pennsylvania Turnpike, although the seasonal vari- 
hy somewhat less than in Maine. 


th order to study how the relationships thus far deseribed, which were 
base on n simple traffic counts, would vary in different areas according to the ) 
~ composition and characteristics of traffic, intensive studies of trip origins and f 
destinations and trip. purposes were made on several turnpikes, among them 
the Maine Turnpike and the eastern extension of the Pennsylvania Turnpike. 
The field surveys were handled by the two state highway departments con- ; = 
cerned and the e analys ses by the Bureau of Public Roads (United States Depart- — 
ment of Commerce). ~ Because detailed accounts of t these origin 1 and ¢ destination — 
studies are available elsewhere* * it is sufficient to. note merely that drivers — 
_ were interviewed at selected points on roads parallel to the turnpikes on week- dn 
_ days, s, Satu rdays, and Sundays, mostly - during the | ‘summer mon nths, both > 
- before and after the turnpikes were opened, and at all turnpike toll stations yf 
after the turnpikes were opened. In the case of Maine, interviews were 
made during August and October, 1947, before “the | turnpike was” opened, 
_ in August and October, 1948, after it was opened, “and again in August, 1950, 
= the traffic had become more stabilized. The Pennsylvania interviews 
_ were conducted during the summers of 1950 and 19 1952, prior to and following © 
‘Trip Length in the Maine Studies.—Fig. 6 gives the location of the Maine __ 
Turnpike and of U. 8.1 which parallels it. ‘The t turnpike is 44.9 tmniles long 
2 and U.S. 1 is 44.2 miles long between turnpike termini. » The relatively greater 7 
length of the turnpike results from the right-angle turn near the northern end. 
This turn reduces traffic on the turnpike between Portland and points along 7 
7” the shore, as will be seen in the ‘subsequent analysis. For | purposes of studying - 
the behavior of trips of different lengths through the turnpike area, the area 


Proportionate Use of Maine Turnpike . Traffic Through Portsmouth- Portland Corridor,” 

J. C. Carpenter, Proceedings, Highway ‘Research Board, National Research: Council, wees 

“Pennsylvania Turnpike Traffic Analysis is,” by Daniel O'Flaher y, Public Roads, Vol. 28, 


turnpike operation. The wi a alto the volumes 
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is divided into teres ‘sections, A, B, ‘ond ‘containing interview 

 gtation on U.S. 1. Sections begin and end at turnpike toll stations. Unlike 

the other sections, there are two additional toll stations within section B, one 4 

at Kennebunk and one at Biddeford. With the a few short 
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trips to and from these two towns, all the travel which would be conveniently hn 
_ served by the turnpike would involve crossing one or more of the three sections. io q 
es Fig. . 7shows, for August, 1950, the average daily n number rand the percentage — ay 
of passenger-car trips distributed between the turnpike and U. S. 1 along 
_ the different lengths of the turnpike corridor, as shown by sections A, B, and — 
Cc. widths a the bands shown are. to the number of trips; 
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the oe in parentheses indicate the percentage » distribution between the 
turnpike and U.S. 1. Trips by way of the turnpike appear above the center 

of the chart and those by way of U.S. 1 appear below the center of the chart. % 

_ The first band above the center shows the through trips on the turnpike—that 

_ is, trips with one terminal south of the south end of the he turnpike, and the 

other terminal north of the north end of the turnpike. it ited 


The first band below center shows trips of corresponding length made 


— 


iy 
section C, passing through se Aand B. The corresponding band below 
the center one the number of corresponding trips using U.S. 1. Of the ; 
trips in this category, 55% were made on the turnpike. The third bands y 
_ above and below the center indicate corresponding trips with one terminal © 
aa of the north end of the turnpike and the other in section A, passing» 
- through sections Band C. The percentage of turnpike use here is only 44%, 
_ the lower usage being due in part to the right-angle turn near the northern 
The next two pairs of bands, one pair above and the other below the center, _ _ . 
- show: the trips with one terminal in the middle section and the other terminal Balt 
bey ond one end of the turnpike passing through end section n A or section C. cme 


the between section B and Kittery and points occurred 7 


— 
the turnpike and 25% on U.S 
S el nd band above the center shows the turnpike trips wi — ee 
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‘TRAFFIC DIVERSION 
~ on the turnpike, compared to only 16% for trips between section B and South 
Portland and points north. ie This shows the extent to which unfavorable turn-— 
"pike alinement reduces use of the turnpike for -comparativ rely short trips in 
outermost bands above and below the center line ‘Tepresent tripsv with 
of origin 1 and destination within the turnpike area, passing: only through 
4 ae B. Of these trips 29% were made on the turnpike. = | 
og — Itis ‘seen th that the length of a trip, or ‘that part of it which extends onto the 
‘ ieanatien ee area, ea, has an important bearing on choice of route. The turnpike 
- usage by passenger cars traveling the entire 45 miles was 75%; by those — 
_ traversing two of the three sections, from 44% to » 55%; and by those driven * 
only through on one section, from 16% to 42 %. - Not shown in Fig. 7 were a large 
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Turovex Two Sections, Trips Taroven One Section, From Avovust, 1947, ro Avavust, 1948, 
TO Avever, 1950, anp PERCENTAGE DISTRIBUTION Between Maine TURNPIKE AND U. 8. 


number of short trips on U. 8. 1 which did not involve travel through an a 
te entire section and could not advantageously have been made on the turnpike. a 


through one section, for the three summers in which origin and a 
studies were made. The number of of trips on U.S. 1 in August, 1947, is taken : 
as 100% for each trip class. number of trips through the cottidot 
August, 1948, and in August, 1950, are shown by the heights of the bars .. 
percentages of the number of trips in 1947; the distribution of f trips between — 

the turnpike and U. 8. 1 in 1948 and 1950 are shown by the figures within the — 


to 1950 the percentage distribution between the 
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‘this period; the trips -inereased- by a considerably 
“4 _ higher percentage than trips made part way through the area. © 
4 The effect of the total length of the trip, including that part of it which is 
x beyond the turnpike area, on’ the percentage of turnpike usage is indicated in 
_ *Fig. 9. _ This figure shows, for August, 1950, the percentage use of the turn- 
for through passenger-car trips in different ranges of total length. 
widths: of the bars are proportional to the number of trips within the length — 
- range. The thin bar at the left (trips from 50 miles to 99 miles) designates — 
trips: mainly between Portsmouth and Portland. Only 53% of these trips 
_ were on the turnpike. The e widest bar. (lengths from 100 miles to 199 miles) 
‘includes the trips "waretinte Boston (Mass.) and Portland. Of the trips in this 
length range, 75% were on the e turnpike. — The third bar (trips from. 200 miles 
to 299 miles) includes the trips 1s between Boston and Bar Harbor, : and — 
and Bangor. ‘Of the trips in this group, 80% were made via the turnpike. — 
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Fie. oF AVERAGE Passencer-Cark THROUGH Tres IN THE 
Conaipo BY Percentage Usk oF Maine TuRNPIke AND BY Trip Lenotu in Avavst, 


; ‘Por longer trips the turnpike usage was approximately the same as for trips 
in the 100-mile-to-199-mile group. It might be concluded from this that the 
. - total length of a trip—up to a length of approximately 200 miles—affects the _ 
i turnpike usage. _ Additional trip length appears to have little or no effect on 
- turnpike 1 usage. However, the location of Boston in relation to the turnpike — 


‘ing part way through the area, the use of the 
: _ by trucks was about the same as by passenger cars. However, the number of 
4 these short truck trips was small. a In August, 1948, the usage of the turnpike 
aS by trucks (particularly heavy trucks) driven through the entire area was — 

much lower proportionately than usage by passenger cars. Between 
August, 1948, and August, 1950, however, there was large increase in the 


ane of through truck trips diverted to the turnpike. Fig. 10 shows — 


other single-unit ‘trucks, and combinations used 
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| light panels and pickups, — 


principally by) the . The widths of the bars are 
proportional to the total number of trucks of each type driven through the a 


— the heights of the bars indicate the percentages of trips on the turn-— 


narrower than the 1948 in each case. However, “for all 4 


F ‘ there was a much higher percentage of trips on the turnpike in August, 1950, 


4 than in August, 1948; there was, in fact, an actual increase in the number of 

 , _— on the turnpike. The proportionate usage for the light panels and — 

. _ pickups and for other single-unit trucks passing through the corridor in August, — : 
1950, was not so below the usage. However, by 

A 


wUMBER OF TRIPS 


Peet 


a 


AUG. 
| 1948 


PERCENTAGE OF TRIPS USING TURNPIKE 


Cc U M T 


4 the combinations was considerably lower, being only 33% of the total number 
_ passing through the corridor in August, 1950, compared to 75% for through | 


situation with respect the eastern extension of the 
_ Turnpike is quite different from that of the Maine Turnpike. As the mileage . 
= log at the bottom of Fig. 11 indicates, this 100-mile extension, from Carlisle — 4 
to Valley Forge (Pa.) is not only longer than the Maine Turnpike but also = 


extension that the interviews were taken before and after the extension was 
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stations and the of the zones used for g grouping origins sand destinations. 
SS analysis of this study has not yet been completed. _ However, some re- — 
- sults can be ‘presented of trips having either origin or. destination points in | 
Philadelphia, and constituting about 40% of the traffic ¢ at the eastern end of 
-—* In Fig. 12 are shown a areas marked by different L types of shading, so drawn | 
that the usage of the turnpike by truck trips between each area and Philadel- | 
_ phia falls within a percentage range as specified in the legend. The area in | 
which turnpike usage was less than 207% extends approximately 40 miles 
_ westward from the Philadelphia ‘end of. ‘the turnpike and, further south, A 
a almost 100 miles westward along U.S. 30. The percentage of trucks traveling a i 
« on the turnpike between cities in t this area and Philadelphia was in most cases 
ry low—5% between Reading and Philadelphia, 5% between Lancaster 
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is within in the a area in which 20% trips to and. from Philadel 
were on the turnpike. _ This area extends’ westward along U. S. 22 a and» 
t. 8. 422 to a point north of Pittsburgh. On the other hand, south of the 7 


_ turnpike, along U. 8. 30, this area extends only a short distance west of Gettys-_ 
burg; the 80%-to- 100% : area begins ‘approximately halfway between Carlisle 
and Bedford and extends to the Ohio line. It is | noted that the greatest oi 


the» turnpike area used ‘the turnpike to much extent than those 

~The high usage of the Pennsylvania Turnpike by is unique in 
turnpike experience and is due principally to the very steep grades and sharp — 


faine that trucks passing. only partly throagh = 
curves on U. 8. 30. For cerns the total rise and fall on U. 8. 30 for 150 
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pike. T he average t time saved b by trucks using thr between Pittsburgh 
and Philadélphia is almost 3 hr. _ These advantages are not likely to be dupli-— 


The relative turnpike’ usage f for passenger-car trips in ‘and out of Philadel- 
Bop: given in in Fig. 13 in the same manner as the information for truck trips — 
_ is given in Fig.12. Asin the case of trucks, more than 80% of the passenger- 
F car trips with origin and destination points i in the area west of a point midway 
between Carlisle and Bedford we were made on the turnpike. However, the 80% 
100% area in Fig. 13 extends farther north (across U. S. 422 from just west of a 
: - Johnstown) than the same percentage area in Fig. 12. In addition, this area 


contains a small section around Carlisle. the passenger-car trips between 


Pittsburgh ‘and Philadelphia, 89% were on the turnpike; this compares with 


72% of the passenger-car trips between Boston and Portland and 84% of 

those between Boston and vers Harbor on on the Maine e Turnpike in August, 1950. 
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it PHILADELPHIA AND AREAS ALONG THe TURNPIKE ON AN AVERAGE Weexpay IN THE 


ee case of passenger ‘cars, from 60% to 80% of the trips: between. 
Philadelphia and areas along U. 8. 22 and U. S. 422 from Harrisburg to Johns- 

a os were on tt the turnpike as contrasted with the 20%- to-40% usage by 
trucks. Between Harrisburg and Philadelphia, 76% of the passenger 
used the turnpike as compared with 36% for trucks. _ There was little usage p. 

— the tu irnpike by either passenger cars or trucks where less than approximately 
40 miles of it could be used. This distance is s almost equal to the length of 
the Maine Turnpike, where there is a 75% usage for through passenger-car _ 
‘Fig. 14 shows the: growth i in the number of passenger-car trips on all routes” 
—y between Philadelphia and the different areas shown in Fig. 13 from 1950 _ 
y (before the turnpike was opened) | to 1952 (after it was opened) . This i is for a 
Bia weekday trips whereas the trips shown i in the Maine charts were for 


average daily summer trips including Saturdays and Sundays. The 100% 
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"TRAFFIC DIVERSION 
line in Fig. 14 number of trips between the .e different areas and 
Philadelphia the summer before tt the turnpike was opened. — For the area of a 
7 ~ less-than-20% turnpike usage, there was a 3% decline in the number of trips — 
from 1950 to 1952. _ For the area of 20%-to-40% turnpike usage, there was a * 
9% inc increase ; for the 40%-to-60% area, an 11% increase; for the 60%- t0-80% = 
area, a 37% tueteese: and for the 80%- to-100% area, § a 55% increase. Thus, 
the higher the percentage use of the turnpike for trips to and from Philadelphia, | 
the greater was the growth in the number of these trips on all routes after the | 


turnpike was opened. This indicates that the i increase was caused 
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0%-T0-20% Tusnprke Usaas AREA ON THE TURNPIKE ON A 
x Summer WEEKDAY 1n 1952 


opened. For Reading, where the percentage of the turnpike wa 

14% (indicated by the figure below the bar), there was only a 2% increase in 

the number of ‘Philadelphia trips as indicated by the height of the bar; for — 
; ‘Harrisburg, | there was a 53% increase in the number of trips ‘to and —_ 

Philadelphia. For Carlisle and the area west of Harrisburg, the increase in ; 
the number of Philadelphia trips was 129%. This. area is at the western end 
the eastern extension of the Pennsylvania Turnpike and travel between it 

- and Philadelphia would benefit most from the construction of this section. 
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the opening of the turnpike’s eastern extension was only wo acini git 
7 te ‘Effect of Trip | Purpose on Turnpike Usage —Fig. 16 shows the percentage of 
_ work or business tripe and other trips made on the ag between Philedialr 


proportional to. the number ¢ of trips in this 
which is relatively close to Philadephia, 8% of the work or. business trips. 
and 7% of the trips made for other purposes were on the turnpike. _ seigied 
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‘Ara. 19.—PercentTaGe oF Averacr Passtncer-Car Trips (sy Trip Ponrosr) 
Boston, Mass., anpD Pornts Norra or Marne TURNFIKR ON THE TuRN 


Fig. 17 shows, similarly, the relative usage of the turnpike by work or | 
_ business trips and trips for other purposes between Philadelphia and other 
areas. The area percentage designations are those shown in Fig. 13 except 
that, because of the smallness of the sample when arranged according to trip — 
purpose, it ‘Was necessary to combine the 20%-to-40% and the 40%-to-60% 
areas, he I These percentages indicate the extent to which trips between the zones : 
in each of the areas and Philade!phia are made via the turnpike. Trips be- — 3 
tween Philadelphia and points in Ohio are also shown. . In every case the 1 
“puma turnpike usage by work or business trips exceeded the usage by 
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origin or destination in Philadelphia) were of a social and recreational a 
4 very few were vacation trips. gs 


— most of the trips through the turnpike , corridor were vacation trips. pi 10 how » 


_ _In Fig. 18, pertaining to the Maine Turnpike study, the widths of the bars : 
are proportional to the number of ‘through » trips for the different purposes. — 


This figure pertains to through trips ¢ on an average day i in 2 August, 1950. The a 


_ trips was greater than for work or business trips, or for social or oe ») 


trips. _ The trips for other p purposes, indicated by the thin bar at the 1 right, 
were 20 few that the percentage of turnpike usage shown cannot be considered - 
= significant. - To determine whether | the e higher turnpike usage for vacation 


Ie trips is to be attributed to trip purpose or to the location of the « origins and 
destinations of these trips, comparisons by purpose were made for trips be- 
_ tween: specific origins and destinations. _ The only specific trip movements 


sufficiently large to give a stable sample 


hich when arranged by purpose were 


were those bebwaee Boston and Portland, Boston and Bangor, and See -a 


and Bar Harbor. Fig. 19 shows by trip purpose the percentage use of the 

turnpike for these trips. . Inall three « cases, the percentage of turnpike use for 
_ vacation trips was greatest, that for work or business reasons was next, and a 
_ that for social or recreational reasons was lowest. This indicates, then, that — 
trip p purpose in itself has a bearing on the extent of turnpike use; however, it _ 

~ eannot be concluded that cheat relationships are typical until they have ait 


Although correlation is far perfect, studies to date indicate that 


the best measure of relative turnpike usage is the comparative trip time by 


time ratio or as the number of minutes saved or | lost i in making use of the — 


» Mg way of the turnpike and by other roads. This can be expressed either as = * 


_ turnpike. — Such « curves are being constructed from the results of the study of 


the eastern, extension: of the Pennsylvania Turnpike 2 and are presented by 
Daniel 0’ Flaherty. ys Comparing preliminary ‘drafts these curves with 
information available by 1954 on the use of free controlled access facilities in — 
‘relation to time ratio « or time saved, it would ww that, where the time 


ed approximately as high for a toll facility a as for a facility. "Where the 


_ time saving is small the proportionate usage of a toll road w would ‘be much low rer ? 


than that of a free road of comparable characteristics. 
A . This conclusion is only tentative. Curves relating percentage usage with — 
a: saving, which are drawn solely from the data developed in the study of 

the eastern extension of the Pennsylvania Turnpike, would have to be con- 


firmed by data developed for different situations before they could be accepted 


= trips tor that purposes. Most trips other than those for work or biddtatide (with 
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MODEL TESTS S, ANALYSIS, AND [OBSERVATION 


BY MANUEL ROCHA,' M. ASCE, J. SERAFIM,? _ 
Mz. _ ASCE, ANTONIO F, DA SILVEIRA, 
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Staiee: ‘River in n Portugal) a are e described. This | dam i is 34 ‘m(111. 55 ft) high. 
Stresses and displacements were measured on two models (plaster-diatomite 
and “alkathene”) and the stresses and displacements in the structure were — 


"measured during the filling of the reservoir. Computations using the “ ‘abridged 
trial-load method” are presented and it is shown that the values f oom the model 

tests a agreed closely with those observed in the str structure. 


‘the Hidro-Eléctrica do Zézere with the erection of a alee at Castelo do Dode.* — 
_ The project included an upstream concrete-arch cofferdam (Figs. 1 and 2) 
founded on crystalline shale. The dam is a slightly unsymmetrical structure — 


34 m high (1 m = 3.28 ft) and ann me 140 m long at the ‘crown; the 7 


— Published, essentially as printed here, in May, 1955, as Proceedings-Separate No. 696. Posi- 


tions and titles given are re those in effect when the paper or + discussion was approved for publication in 


A. Director, National Civ. Eng. Lab., Lisbon, Portugal bos 
Head, Dams Studies Section, National Civ. Eng. Lab., Lisbon, Portugal. sour 
* Asst. Research Engr., Nationa! Civ. Eng. Lab., Lisbon, Portugal. 

Asst. Research Engr., National Civ. Eng. Lab., Lisbon, Portugal. interprets thy 

2 “by A. C, Xeres, ‘ 
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ratio between length and height is therefore 4:1. The upstream face is a J 
vertical, cylindrical surface with a radius of 65 ma and the downstream face is 


ae _ Construction and study of the arch cofferdam were under the direction of 


to as the Laboratério). Castelo do Bode Dam was designed by 
ede, Hon. M. ASCE. The Laboratério i in collaboration with the Direcchio 
Geral dos Servicos Hidrdulicos (Board of Hydraulic W orks) and the Hidro- | 
Eléctrica Zézere outlined a tees of investigations of the arched 
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cofferdam, including model tests, trial-load analysis, computation by the inde- 4 
-pendent-arch’ theory, and observation of the dam during the filling andempty- 
ing of the reservoir. i 


7 a 


_ These studies would provide information on the struc- — 


tural behavior of of arch dams and would | help to evaluate the usefulness of the 


analy tical and experimental methods used in predicting this behavior. © The 


eee os were begun in 1947, and their experimental part was completed — 
> Tests were ‘first. conducted 
crack as induced by load at the base of the upstream face; ‘énll later observa 
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end cognt Ave Sof 1 OST rated yor with: 
tion of the prototype showed that an analogous crack had actually developed — 
‘To ascertain the effect of this crack on the stress, use was made of a plastic. 
‘(“alkathene”’) model. The plaster model, moreover, permitted analyzing the | 
effect of some horizontal cracks (Fig. 2) developed at the downstream face of 
the prototype (a little below the crown) upon filling of the reservoir. The 
upstream and downstream stresses, as well as the radial deflections of the — 
downstream face, were measured on | both ‘models. The tangential and vertical 
displacements ¥ were also measured on the plaster model (Fig. 3). iol 
Stress analysis by the trial-load method included radial adjustments ‘only, 


4 but ae of symmetry of the structure was taken into consideration. The — 
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“first st approach hi 
levers, a more accurate ‘analysis was on | assumption | that the eanti- 


was Possible to perform the test t loading: of of the prototype when the 
temperatures « of ‘concrete, air, and water were about the same and when the 4 


‘The observation ¢ of ‘the included measurements of: Strains at 
i points by ‘vibrating-wire meters which also measured temperatures; 
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deflections of the downstream face and of the crown by geodetic and slide- 


These were after of much of the model tests and 


computations. The cracks detected in the prototype entailed additional 
> investigations which could not be pursued as far as desired without too ne 

work. — Consequently, this paper does not correspond to the initially outlined 

‘program. However, it was considered worth while to publish the results be- a 
4 cause there have been so few opportunities to compare the actual and predicted — 


of a arch dams. volaaly ad ao 


test of | the ‘Stevenson Creek Dam,‘ in California, in 1922. : oa 
Construction and proper testing of trial dams entail difficulties 
. and expenditure. On the other hand, on actual dams the effects of the different: 
loadings, es especially water pressure and can 
Europe, especially in F ance, 7910.11 vibrating-wire meters were 
and measurements of stresses in arch dams due to variations of hydrostatic 
pressure were made. | In the ie United States the good performance of Carlson 
‘ meters, together with a better knowledge of the properties ‘of pees, enabled 


base of Shasta oad in California ‘was computed from 

- Reliable stress measurements were also obtained by the Tennessee Valley 
“Authority (TVA) at Norris, Hiwarsee,” and Fontana" Dams by Carlson 

meters. (Norris and Fontana Dams are in Tennessee, and Hiwassee is in 
; North Carolina.) It should be noted, however, that in all those investigations — 

no attempt was “made to the "stresses by computation or model 


The seentei investigations of the plaster and rubber models | of Hoover 
Dam' i in Arizona and Nevada were compared with the results from ‘thorough 
a trial-1 load analysis. _ Nevertheless, the results of stress and the displacement 


i measurements for this dam have not been available thus far to the writers. 
a Again, the results of the extensive model investigations of dams conducted in 


*“Report of the Committee of Engineering Foundation on Arch Dam renee Proceedings, 
Mesures extensométriques du Barrage du Pas du Riot,” by J. Bellier and D. aon, Report No. 33, 
7 Transactions, Vol. II, 3d Cong. on Large Dams, Stockholm, i948. 


* “Mesures de déformations effectvées sur quelques barrages francais,” by A. Nizery, Report No. 34, 5 


_ *“Rupture d’une vofite d’essai,” by R. Bourriot, Report No.40,ibid. 
extensométriques effectuées sur le de Fabréges lors de sa mise en eau," "by Homes. 
“Auscultation du Barrage: du Noir,” by J. Bellier and P. Deut No. 66, 
The Development of Stresses in Shasta Dam,” by J. ~ Raphael, Transactions, ASCE, Vol. 118, 
18 Measurements of the Structural Behavior of Norris Hiwassee Dams,” Technical M emorandum 
_ No, 67, Tennessee Valley Authority, Knoxville, Tenn., February and August, 1950. — 
“Measurements of the Structural Behavior of Fontana Dam,” Technical Memorandum No. 
_ Tennessee Valley Authority, Knoxville, Tenn., February and June,1953. | 


18 “Model Tests of Boulder Dam, Boulder Canyon Project, Reports,” Bulletin 3, Bureau of 


Reclamation, U. 8. Dept. of the Denver, Colo, 1938. Na 
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and European countries!*:! 9.90 20 ‘have: not been compared yet with 
‘The results presented in this paper are those obtained from measurements.” 
No eorrections such as those for symmetry, continuity, or of the 


“Sond at 2. INVESTIGATIONS ed yert lat 
Only the essential features of the investigations are presented here. jig 
later detailed report is planned to cover all the model tests conducted at the 


reat 


“ Laboratério during the past eight years. | Ther methods ‘used so far have al- 
ready been published** 
Plaster _Model.—Based | on experience from the model investigation of 
dams it was mix of plaster and diatomite is the best material 
Certain characteristics material : Mechanical similarity, good 
_ workability, proper deformability, and low cost. However, it exhibits too i 
a tensile strength, and herein lies a serious drawback because cracks may occur 
which connot easily be detected. _ A further source of difficulty is the large — 
extent to which the mechanical properties. are affected by environmental mois- _— 


ture. influence can be considerably reduced if the outer surface is water-— > 
5 g Considering the sensitivity and size of the gages used in earlier tests an and the 
mechanical properties of the plaster-diatomite mix, the scale factor, 1/n = 1 /75, 
was selected for this model (Fig. 3). In casting the model, an accurate wooden 
mold was used in order to give directly every detail of its final shape. “hd <a 
ee The section of the foundation ground ‘reproduced was | was 30 cm thick (1 cm 
= 0.3937 in.)—that i is, approximately three times the maximum thickness of - 
the dam model proper. _ The concrete tray used earlier for the model of — 
Luzia Dam” in Portugal was used again. as the rigid base. 
_ The model was made of a mixture of plaster and diatomite in the propertion a 
of 2 to 1 by weight and water to produce a \-waten-plaster ratio — 1. 5 by — a 
This water content gives a 


bag filled with mercury. Thus, the ratio between the 
erry of the liquids loading the model and the prototype is G = 13.6. Par vite - _ 


“Ricereche sperimentali sul comporta: mento _statico delle by Oberti, L’Elettrotecnic ca, 
del Lumiei. Criteri di p studi sperimentali, by G. L'Energia Elettrica, 
38 “Modern Trends in Arch Dam Investigation and Design,” by C. Jaeger, Civil Engineering and Public 
“Statische Modellversuche zu Gewélbestaumauern,” by E. Tschech and F, Jaburek, 
_ sur modéle réduit des contraintes dans les barrages,”” by A. Nizery, G. Remenieras, and N. 
Beaujoin Annales des Ponts et Chaussées, July-October, 1963, 
_%“Dimensionnement experimental des constructions,” by M. Rocha, Anncles del’ Institut Technique 
du Batiment et des Travaux Publics, No. 235, February,1952,0 
“General Review of the Present Status of the Experimental Method of Structural Design,” by M. 
Rocha, Proceedings, Cong .of the International Assn. for Bridge and Structural Eng., 1952, 
Bh "Model Tests of Santa Luzia Dam,” by M. Rocha and J. L. Serafim, Communication Ne. 6, _Trane- 
actions, 3d Cong. on Large Dams, Stockholm, 148, 
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The mechanical properties of the model material we were determined by. 


— stresses, ¢ (in kilograms per square centimeter) of 2, 4, 6, 8, and 10 (1 kg per 


em = 14.2]b persqin.). Thestrains, e, were mansured after 0, 2, 5, 10, and» 


_ 20 min (Fig. 4). The results show that the modulus of elasticity changes with 
time for stresses under 6 kg per sq em, reaching the values indicated. — The 
material may therefore be assumed to be perfectly elastic for each loading time. _ 

_ A modulus of elasticity of 15,400 kg per sq cm was adopted in evaluating model | 

_ Stresses ; strains and deflections were read after a 10-min loading, each reading J 
taking no longer than 1} min. Petsson’ 's ratio. as given ws tests was 0.20, no 
“a effect of creep having been ‘measured. a 
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_ The following similarity relationships™ exist between 
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in which ; E, and Ee are the moduli of elasticity of the prot otype an and the model, 
will shown subsequently in Sect. 6 a “modulus of ‘elasticity, 
=£= = 260, 000 kg per 8q em, was assumed for the -conerete. | Thus, he simi- 


the crack caused ‘by: the tensile s stresses at the of the 
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, e the te ‘At a later | stage, horizontal cracks w were cut at in de 
of the face to simulate the prototype more closely. 
_Alkathene Model.—In order to learn the influence of the upstream 
crack at the base of the plaster model (which is very likely to develop i inthe | 
prototype), it was decided to construct another model which could be tested — 
before and after cracking. Since another plaster model cloud not be relied on, 
a commercial synthetic resin was sought having a fairly good tensile strength 
and conforming to the following requirements: Ability to be cast without free 
sure or special molds; good workability; constant mecahnical properties; and 
low modulus of elasticity so that small models could be used. This led to the : 
adoption of alkathene, an English polyethylene resin. This material has the 
| drawback of possessing a Poisson ratio higher than that for concrete, a= a 
could i impair the similarity conditions. Construction is more complicated than 
it is for plaster because it requires: ‘metallic molds ; furthermore, a pouring 
temperature: of and very slow cooling are | necessary. — 
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ia. 5.—Mopuvs or Yom Duvvenext Donations oF Loapina (at 
7 _ The marked visco-elasticity of alkathene requires that considerable care 
: be taken with regard to the time of loading the models. The high value of in * 
coefficient of thermal expansion, about 0.0002 per degree Centigrade, together “a 4 ' 


with the conspicuous influence of temperature on the mechanical properties, 


makes it anechahaty necessary for the tests to be conducted in a temperature- — 

_ If these precautions are taken, alkathene appears to be a a 
valuable material for model construction because of its high tensile strength, 
toughness and nonfriability (whereby the handling becomes easier), and its 7 


The meshanical properties of alkathene were also determined by 


= ‘The senilta (Fig. 5) show that the modulus of elasticity changes with time. It — 
was realized that the modulus of elasticity, E, corresponding to any duration ; 
of loading, changes with the 61 and 62, in Céntigrade 
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in which the constant K = 0.012. Alkathene can ‘therefore be used for Z 
‘model studies as if it were a perfectly elastic material, provided that sufficient 
# ‘time intervenes between tests so that the influence from the previous loading i is 
Readings of strains and deflections were taken 5 min after loading; thus, - 
t the value of 3,000 kg per sq cm was adopted for the ‘modulus of elasticity. oye 
= 
Owing to this low value and to the possibility of using short-base strain 
gages, the scale factor, 1/n = 1/200, was chosen for the alkathene model — 
(Fig. 6). Poisson’s ratio as determined yea y creep t tests” was found to be 0. 44, 


Fig. 6. —ALKATHENE Mopet wits Loaptne Device, Reapina INSTRUMENT, 


_ No change in this value with time was detected. The model was subjected to. 
a pare load applied by a device similar to that used for the plaster model. 
_ The similarity relationships which apply for the deflections and the stresses" 
ee Strain M easurements. —At first vibrating-wire extensometers were to ba 3 


a "strain g gages s proved to be so advantageous, efficient ‘techniques of affixing these 
wages onto the surface of plaster models were attempted. 


‘ 

|) 
| 

— 


shellac coating applied to the. surface and dried by rays 

Baers min was: was found to be a pro proper base for r fixing the | ‘Baldwin a 

strain gages. At the downstream face some additional strain measurements 

were made by Huggenberger extensometers and these were found to beincom- 

plete: agreement with th those of the electrical strain gages. s. The latter ha have the 
advantage that they can be fixed quickly and used on the up upstream face, where 
it is impossible to use mechanical extensometers if the pressure is applied by a Ps | 
liquid. It was found by tests that the direct influence of hydrostatic pressure * 
on the Pine can be neglected even for the highest applied pressure. 

At first 4-gage rosettes were used and the four strains were always found 7 Pe 

be in full agreement with one another, even when the rosette had “not been 4 - 
properly fixed. . Such agreement. inevitable because the gages were 
-mounted on the same paper base. It was therefore decided to use, instead of 

rosettes, single extensometers successively at each point—one horizontal, 

_ one vertical, and one at 45° angles to the others. The gages had a 2-cm base. | 

- Readings were taken by a Baldwin “scanning recorder,” ‘enabling an observa- 

tion of 48 gages in 1.5 min. > 


» sete » surfaces, | the tests of that model required that special ; gages be Selene’ 

and made at the Laboratério. These gages which had a 1-cm base consisted of — 

electrical. wire wound on & thin piece of cork, and were fixed to the model sur 
ys face by melting the alkathene. The gages were calibrated by « attaching them ® 


to test prisms were ae by mechanical and optical 


pee at the downstream face and by means of mechanical deflectometers (Fig. 
On the plaster model, radial, tangential, and vertical displacements \ were 
measured. However, on ‘the alkathene model, because of its small dimen- 
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levels at representing 40 m, 50 m, ,and 55 m. Water El. 55 lies 5 cary 
above the crest of the prototype and corresponds to a flood over the dam. Pat 
Of the results obtained, only those relating to El. 50 will be ill be considered because 
the prototype was not loaded above that elevation, 

_ In Fig. 7 are shown details of the model, position of cracks reproducing those | a 
developed i in \ the prototype, location of gages, and calculated principal stresses 

on The model was loaded successively as required for 8 readings for each ex- 
_tensometer er. The mi magnitude and direction of of the strains were then determined 2 ae: 
from, the average values by means of the corresponding Mohr circles. ‘The 


type according to the similarity relationships. pressure exerted by the 


at that face. Considering the test conditions, the value of 2 kg per sq cm was 
oneee as the upper limit of error in the stress values. 
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‘The directions of the ‘at the upstream face n near the 
~ foundation (Fig. 7) are approximately parallel to the foundation line, which is ; 
ascribed to the crack at the base. At the downstream face, the directions have _ 
aces distribution. The downstream cracks reduced the compressive stresses 
fey at the crest. The decrease in the stiffness of the cantilevers also accounts for 
ese increase eint the vertical compressive stress on the upstream face of block DE, — 
Me EL. 40, as well as for the decrease in 1 the vertical tensile stress on the down- 
stream face of the same block at El. 32. 
: Results of the deflection Measurements on the model without 


racks are | presented i in Figs. 8. 9, and 10, including comparable data from the — 


>: 
-alkathene model, prototype, and trial-load analysis. The maximum 4 
deflection of the plaster model (Fig. 8) was found at the crest; its magnitude as 


transferred to the prototype is 1.6 cm. _ It should be ‘noted that the Maximum 


~~ Sets 


D Piasren Mopst, ax ay 
a tangential deflections (Fig. 9), which rai range up to 0.5 cm, , exhibit the — 
usual distribution and are slightly unsymmetrical. The vertical deflections — 
; Fig. 10) which could be e detected o only at the crest ‘Teached a a value of 0.3 cm. 
a Alkathene Model.— —In view of the small size of the alkathene model 5 
the measuring instruments used, the accuracy of the results was less than 


te of the plaster model. — ‘The upper limit of error in the stresses was esti- ‘2g 


to be 3 kg per sq cm. ‘The model first tested in the noncracked condition — 
gave stresses (Fig. 11) corresponding to a mercury load up to El. 50. pas rt 


vs or reproduce the base crack a rather deep cut was made (Fig. 12) 1 giving 
stresses to the load up to El. 50. Iti is con- 


‘influence on the stress distribution, even for downstream face points at the ss same iy 


"stresses was found at the upstream face between El. 30 and El. 40—that is, 


at the compressive stress increased from 24 kg 


As a result of the cut, an increase in both vertical and horizontal eras em 1 


pe: 
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the crest no influence could be detected. Other | 
— 7 


At the base of the face the cut 
Such a de- uf 
crease does not appear sandile: hence, by attributing it to some lack of scqumeey — 7 
in these tests, it can be concluded that there is practically no change in the | 
stresses. ‘The increase in the vertical stresses at both faces of the crown oP . 
(DE block) at the middle part should be noted; it results from restraint lessened _ 
¥ At its lower upstream part the crackless model exhibits rather high tensile — > 
- stresses up to 25 kg per sq cm. The compressive stresses due to the dead 7 7 
weight of the prototype, as will be shown 3 in the analytical studies, are only 10 — 
kg per sq cm. Pe The prototype would therefore be subjected to a tensile stress. of 
_ 15 kg per sq cm which could cause an upstream crack at the base. — we fb _ 
7 S As a rule, comparison of the stresses as determined by the plaster model and 7 
the alkathene model leads to fairly good agreement except for downstream 7 


’ 


phew near the right abutment. _ Such deviations are ascribed to a faulty bond fe 
at the abutment of the plaster motel _—s had been molded in two mn to 
Recognizing the degree of accuracy the measurements, 
shows that Poisson’s ratio can be regarded as not having significant influences. — 
The alkathene model generally exhibited higher values of the second prin- 
cipal stresses near the foundation, especially at its lower part; these stresses 
_ were compressive on the downstream face and tensile on the upstream (model a 
- =. in noncracked condition). Such deviations are probably due | to the high Pois- 7 
oo son ratio of alkathene, whose effect becomes more important at the foundation. 


4a _ The radial deflections were measured on the model before and after making — - : 


s upstream cut at the base. . The results corresponding to the latter are 

presented i in Fig. 8. The ores deflections are not much affected by | the cut a 
the base, which confirms the similar results concerning the stresses. As 
anticipated, the cut caused an increase in . the: deflections below the crest. 


displacements were considered, and the modulus of elasticity of 
foundation was assumed to be the namean as that of the dam. “ Only the hydro- 
static pressure was considered because no other ty pe of load was applied to the _ 
model nor to the prototype during observation. LoVe. 
_ The trial-load analysis was computed according | to the USBR procedure. a 
_ Four arches and six cantilevers were considered (Fig. 13). _ As the arch at El. > 
50 was assumed to have the thickness of the crest—that i is, 3. 25 m (Fig. 1)—no © 
allowance for the changing thicknesses of the arches was made in the compu- 
tations. Likewise, the cantilever, C,, disregards the thickness of the right 


\ abutment (“‘A” joint, Fig. 1); on the other hand, only the thickness of the left b 


__« #“"The Trial-load Method of Analyzing Arch Dams,” Boulder Canyon Project. Final Reporte, 
_ Bulletin 1, Bureau of Reclamation, U. 8. Dept. of the} Interior, Denver, Colo. 
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were used. In the trial-load only the 


ee per sq cm to 29 kg persqem. At the lower part of the downstream face there 
oe is also some stress increase, with a maximum at El. 20 near the foundation. — . oe 
the mayimum romnrescive stresses increased hy not more than ke ner _ an 
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abutment i is cousideved in the cantilever, Fig. 13 the shaded part. of the 
pressure in the diagram load taken by 
At more accurate trial-load analysis. well have been —" by i increasing 
“i the number of arches and cantilevers, however, a considerable increase in cal- 
- culations would have resulted. Particular arches and cantilevers were chosen 
to allow for the unsymmetrical features of the dam. 
_ At an earlier stage of the model studies a stress analysis was made in a 
-noncracked condition, but the shape selected for the abutment profile was not © 
was adopted subsequently. Thus, the records of the former 
analy sis are omitted. "These re records showed a vertical tensile stress of 38 kg 
per sq cm at the heel of the dam. Supposedly this stress does not differ 
ror from the one that could be obtained by considering the actual © 


| 


YCantilever 


Prototype, in 


ON AND CANTILEVERS 

_ developed in the plaster model and in the prototype. 6s” ita 
a The dam was then analyzed (Fig. 15) assuming a crack at the base with a 
depth three-quarters the thickness at cantilever C; and half the thickness at 

- cantilevers C, and C,; the other cantilevers were considered uncracked. This — 


assumption does not correspond to a true crack but, rather, implies a gradual — 


A changing in thickness of each cantilever between the decreased section and the 
ue next section considered in the > analysis (at El. 20 for » est C; and El. 30 

should be noted that highest stresses shown i te 14 are those 
ents at the | base of the cracked cantilevers, with a peak of 104 kg per sq cm 
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i at the crown cantilever. ‘The stresses 2 are much lower. at the base af the non- 


oe The dead-weight stresses were computed as usual by assuming the dam to be — 
divided into independent values obtained for the stresses at the 
crown cantilever, Cs, are as follow were, 6 

Elevation 

wal 


plain section would have reached the values of —308 kg per sq cm and + - 
kg per sq cm upstream and downstream, respectively. a This leads to the con 
clusion that the formation of so deep a crack in the prototype ; is not possible. s] ; 
To compare results, the stresses were also computed by the method of og 
_ independent. arches (Fig. 14). The values obtained for the abutment sections _ 
are far above those given. by the trial-load analysis, | especially on the down- q 
stream face. Radial displacements, which have been determined by assuming — 
6. OBSERVATION OF Actua. Structure 
| —The arched cofferdam was constructed in locks with 
AtoJ (Fig. 1). Concrete was placed in layers 1.5m thick. Its cement content 
was 300 kg per cu m, and the coarse aggregate | had a: maximum size of 10 cm. - P 


é ‘that the dam has an upstream crack (Fig. 8), have a normal distribution. 440 7 


Because the was an appurtenant work and in view of the diffi-. 
culties in its erection, it was not constructed as carefully as it would have been | q 
had it been permanent. ‘For example, the quality of the concrete was far from 
uniform; the rate of concreting was rather irregular (some lifts 1 were poured on ’ 
others approximately one year old); the concrete surfaces on which fresh 

concrete was to be placed were not carefully cleaned; and the foundation rock 


was 1 not grouted. In n particular, the joints were cement-grouted w without pressure 
because no joint seals had been 


A period of high inflow provided an opportunity of filling the reservoir, q 


“impounding abc about: 25 Xx 10° eu of water in two days. On February 9, 


ai water started va be impounded. On rosea 11, at 2 p.m. (stage b), the water 
ul _ level had reached El. 50. ty The | gates were then opened on February 12, at 
— 10 a.m., , the reservoir being completely e emptied February 13, at 5 p.m. (stage c). 
The loading-unloading cycle thus took only four days. In addition, the 
- mean air temperature happened to be practically unchanged and to be the same 


as the water and concrete during that period—an extremely favorable circ 


aaa The instruments for measuring relative ¢ and absolute deflections, strains, 
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struction. 
readings 8 were at every measuring instrument. Air s and water 
3 Properties of the concrete were found by testing prismatic specimens, 20 cm 
by 20 cm by 60 cm, cast during the construction ; concrete cores, 32 cm 7 
diameter; and prisms, 45 em by 45 cm by 90 cm from the dam. The 
average instantaneous modulus of elasticity, ZH, as determined from the aa 
_ prisms and the concrete cores, was found to be 280,000 kg per sq —— " 
"prisms were subjected to creep tests, giving Z as 260,000 kg per sq cm corre- _ 
sponding to the time during which pe been loaded. The latter 
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= Horizontal strain meter 
2 Set of three strain meters at 60° angles 
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valuc wes nied in interpreting the data. average of 
_ found by testing the prismatic specimens, was 0.20. =. 
b. Absolute Deflections—Absolute deflections measured by the 
geodetic method?* (Fig. 16) using a geodetic theodolite with a special 
_ centering device and following a plan to measure displacements likely to occur. 
at stations I, II, and III between the abutments, from which the points on the 
fees (Fig. 15) were sighted. On the crest of the dam two stations 
[Vand V, were erected from which it was possible to sight both the fixed a 
on the banks and stations I, II, and [II below. = = 
_ _ The absolute displacements produced at stages b and c as determined by te 
i geodetic method are given in Fig. 17. The error of the displacements was kept 


¢ 
_% ‘Mesures des deplacements deux barrages portugais par la méthode trigonométrique,” by 
Rodrigues, Report 64, Transactions, 3d Cong. on Large Dams, Stockholm, 1948. jj 
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lower than 0.2 mm. ‘4 This high standard of accuracy was ‘achieved on 
~~ ment in the techniques used. _ The results schow that the dam did not recover its 
|. a measure promptly some absolute e displacements during the hn 
unloading cycle, station VI was erected on the right bank (Fig. 16), from which © 

the components of the displacements at right angles to the lines of f sight to 
stations IV and Vw were measured. ro The magnitudes of those components were 
“Gidea (Fig. 18) as a function of the water elevation, showing close agreement | 


between the points and a nonreversible ofthedam. The displacement 


_~ both IV an 
“4 ‘method are 7 mm and 10 n mm, | respectively, which is a a good agreement. Sala at 
From Fig. 17 the diegpens for radial and tangential displacements (Figs.8 _ 
and 9) were drawn. These will be compared (Sect. 8) with those predicted from 
model tests and analytical computations. ap 
_ High precision leveling was performed for the points of the dam crest and 
_ for the downstream foundation line (Fig. 15), using invar sighting rods. The 
7 results app appear in Fig. 10, together with the vertical crest deflections as given by P 


the t tests on the Plaster model . The upward vertical deflections of the crest, — 
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which reached 0.5 cm, are not After unloading, the ‘crest elevation 
be Points near the foundation exhibit downward displacements during loading. 
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(Fi ig. 10). These displacements, about 0.2 cm, are . probably due to the deflection — ad 
by the ‘ground under the’ load « of the impounded water. if the 
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id 
it, 2 _ a8 based on the nature of the strata, it is easily shown by regarding the founda- a — 


tion as a semi-infinite body that the maximum settlement is about 0.2 cm. 7 


The fact that the foundation remains free from residual deflections shows that 
( the residual top deflection is probably due to the cracking of the horizontal | 
construction joints and te the uplift pressure exerted by» which per-_ 
Relative Displacements. —The displacements of the relative to its 
‘foundations were determined from rotations measured by Huggenberger | 
% ¢ clinometers at the points indicated in Fig. 15, which lie on a central section and — 
on a section near the right abutment. The rotations on both radial and 
tangential vertical planes were measured at each point. Results were in good ‘ 
ugreement with those obtained by the geodetic method. 
Joint Opening: g.—The variation in joint o opening by a 
- Huggenberger joint meter at the crest and the downstream face at fourteen 
. (Fig. 19). Water I levels and | air-temperature ct curves are shown i in Fig % 
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é “found at all the of about 1 several 


a air temperature on the joint c opening ; a a temperature rise causes @ decrease, P 


When the prototype was under water load, leakage was found to occur > 
through vertical joints and through joints between concrete lifts at the middle 
of the dam. a The leakage through the vertical joints is ‘easily 1 understood “by” 
_ reason of the grouting conditions. Leakage through the horizontal joints was 
_ found to occur at points where model tests had detected tensile stresses up to 3 
wo 15 kg per sq cm; these stresses W ere not balanced by the dead weight whieh 
4 


compressive stresses up to 1 kg per sq em only. 
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Data and Stress Computation. —For measuring strains, use was 
make of the Coyne  vibrating-v -wire strain meters**-?778 located at the 16 points -_ 
_ shown in Fig. 15. At each point three strain meters were placed in the form 


of an equilateral triangle i in a plane parallel to the face of the dam and 50 cm : — a 
“Quelques auscultation sonore,” by A. Coyne, Annales det’ Institut du Batiment 
des Travaux Publics, July-August, 1948. 
“Vibrating-Wire Strain Gauge for Use i in Long-Term on Structures,” by R. J. Mainstone, 
Mesure de la déformation des solides,” by R. L’ Hermite, Circulaires del’ 
Batiment et des Travaux Publica, Series F, No. pesos 
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away from it. At each elevation a on a control strain ‘meter we was placed to uote 


the readings taken at the meters subjected to the dam stress. — ‘That strain 
_ meter was embedded i in a concrete prism which in turn was placed inside the 


Horiz. strain 


al Strain meters 4 4 


a. in THE Prototype 


control strain meters can detect the length changes undergone by concrete 
under changing temperature and moisture content. During the course of the 
tests, however, those meters detected only very small deviations, showing that 


ao the volume changes of the concrete had been due to stresses alone. — 
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ARCH DAM 
At the pc points of the crest, single horisontel were used instead 
at triangular sets. At some points on the downstream face, strain measure-— 
ments were made by a Huggenberger joint meter, but the results were of no 
a significance because of the large extent to which the strains in concrete near the ah 5 
face are affected by changes in air temperature, 
- In Fig. 20 the strain diagrams: correspond to some of the more representative — 
strain-meter groups. For the concrete temperature a a zone is shown whose bs 
_ boundaries correspond to the highest and lowest temperatures recorded at the — 
different strain meters during each stage of loading. ate OL 
The analysis” of the strain diagrams is interesting. Some vary 
= levels whereas others exhibit abnormalities due to cracking. _ 
_ The crest strain meters, ‘10u u and 11d, at | first indicated compression, i ex 
pected, but. strong disturbances were noticed in both meters after the water 
surface reached El. 42. From then on, the former indicated fairly constant aa 
strain whereas the latter detected: tensile stresses even before the water reached 
_  fiaoh behavior i is understood if the results of the plaster model test (Fig. 7) 7 
are considered. As long as the downstream region of the model remains un- ; 
cracked, « compressive stress is induced there; ; as soon as cracks: develop, a 
stress rearrangement takes place which produces a relief in upstream compres- 
sion and gives rise to downstream tension. _ The b behavior of meter eee 
that, a as expected, the cracks developed gradually : as the water ros« rose. 
a ap: The strain meters of group 8u placed at 60° angles to the sasieeatel: also a 3 . 


_ disclosed a clear-cut influence of the downstream cracks which became notice- 


able as the water reached El. 44. The horizontal meter exhibited a normal __ 
_ behavior; this is also in full agreement with the observation of the plaster model _ “| 
which had shown that the horizontal stress is not noticeably 2 affected by the — 
a cracks (Fig. 7). a The regularity exhibited by: the meters of group 7d evidences 7 
their not having been affected by the crack opening because of their location. “7 
_ Groups 5u, 6d, and 8u show disturbances as the water reaches: El. 44. 7 
Likewise, the upstream horizontal meter exhibits a regular behavior, but the 
downstream one is affected by the cracks. . As a rule the disturbances are not * 
so strong as they are in group 8u. This probably means that the cracks were | 
not so deep at El. 30 as at El. 40 where the highest stresses tend to develop, as he 
disclosed by both model tests and analytical computations. 
group 1u the 60° ‘sloping meter, which detects tension, exhibits some dis 
turbance as soon as the water surface reaches El. 32 and, contrary to expecta- 
tions, shows no important length changes from El. 42 upward. This may be 
due to the development of a tension crack in the base of the dam. In group 2d : 
the sloping meter exhibits a regular behavior which means that the upstream — 
crack is probably not very deep. a 
After the dam was unloaded, all the strain meters of groups lu and 2d dis- 
noticeable tensile stresses which were probably « due to uneven foundation 
deformations. Only 2 of the 36 strain meters embedded in the dam (also 
belonging to groups lu and 2d) were damaged. od tea bh 
_ The magnitudes and directions of the principal strains were e then « deter- - 
_ mined from the strains measured during stage b. The values used for that 
purpose in in meter groupe lu and and 2d were the average strains of loading and un- 
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elasticity, . _E, = 260,000 kg per sq cm, and a Poisson ratio, u = 0.2. ove 
Taking account of the way the experiments v were performed, , the value of — 
5 X 10-* can be ; assigned as the upper limit of error in the strains, which —e 
aie as the differences between two readings of the instruments. It is 
concluded that t the upper limit of error affecting the principal stresses is is about 
—683 kg persqem. As the ‘modulus of elasticity of the concrete may very ry often 
differ by 10% from the average used in the computations, it is estimated that 
will be affected by a further ert error of 10% The errors to be 
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are therefore approximately 3 + 3 = 6 kg per sq cm for prototype stresses of - 
the order of 30 kg per sq cm, 3 + 2 = 5 kg per sq cm for stresses of the order of __ 
_. The significance of the stresses measured in the prototype, as compared with 
7 those given by model te tests a and analytical computations, will be > presented in 
Sect. 8. However, the sharp. disagreement between the magnitude of the up- 
_ stream tensile stress observed at the base of the dam (9 kg per sq cm) and the | % 
vale derived from the tests « of the alkathene model (that is, 25 kg per sq em) ' 
! a should first be noted. By ec considering the run of the strain diagram for that 
ay (group lu, Fig. 20) and the compressive stress of 9 kg per sq cm induced — 


= leading. ‘The principal stessms induend by zine of the water.up to 50_ 
d 
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produced a crack which annulled the dead-weight 
7 It cannot, however, b be concluded that t! the concrete did not withstand tensile 
stresses because, in spite of these not having been detected by the strain dia- 
gram (Fig. 20), they might have developed between two consecutive readings. — - 
pore The agreement between the downstream vertical compressive : stresses at the 
base of the prototype and the homologous ones derived from the alkathene __ 
4 model leads, on the other hand, to the conclusion that the crack is probably not | 
a _ very deep; otherwise, the considerable tension induced by the dead weight at 


that region of the prototy pe (Sect. 5) would have e caused a strong decrease i in the 


fect og Srresses (Ka per Sq Cm) 
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2 _ Observation of the structure provided a judgment of the behavior of thin , 
arch dams in wide valleys, which was found to be satisfactory | except for leakage _ 2 


_ through both horizontal and vertical joints. Thin dams are bound to leak. 
: hh this cas case, however, such leakage cc could: have been less had the construction a 


been as careful as is ‘usually the case e with actual dams. eis 


it is believed that an entirely satisfactory behavior can be achieved for thin, 
arch dams, provided that their shapes are designed so as to avoid high tensile : 
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; served i in the prototype are herein compared. ~ Because these points were 0.50 a 
_ m from the dam faces, it was necessary to. correct the values obtained from both 

4 model tests and analytical computations. Interpolation was also necessary for 

E. a few points to obtain the values at the observed points of the prototype. “The 


_ ‘Fesults thus reached are shown in Table 1; the ’ points are marked as in Figs. 15 7 q 


oti 


the ‘average be between values obtained before and upstream cracking. 
‘The reason was that the depth of the prototype crack was unknown and that 
“a _ this crack has little influence at the points whose stresses are compared, except _ 


ie the arch and cantilever stresses without correction for those points at which the 
principal directions were not horizontal or vertical. _ The same applies to the 


|. 
_ _In considering the comparison presented later it is necessary to bearin mind — 


because of the degree of accuracy of the measurements; the differences between ud 
prototype and analytical values may, similarly, be up to 6 kg per sq cm. at te 
Pk Wed A short analysis of the s stresses at the points mentioned i in Table’ 1 follows: 


_ corresponding prototype and model values are as high as 9 kg per sq cm ily 3 + 


ascribed to the development of an upstream crack at the base of the dam; that — 
4 rack released the compressive stress due to the dead weight (Sect. 6). : et a 
Point 2d. —There is ¢ close agreement between the two prigeipal as 
on the prototype and on the alkathene model (Sect.6), 
Point 3u.—For the highest stress there is a considerable difference between = 
the values measured | on the prototype and or on the alkathene model. — In 80 3 


a Point lu. —The 1e vertical tensile of 9 kg sq has been 


far as the observations of both models are ‘concerned, this is the only difference 
Ag not accounted for by the margin of error in the measurements or by the influence 3 
of cracks. The abnormal magnitude and direction of the principal stresses 
measured on the | prototype, , together with the agreement between the r results 
of model and trial-load analysis, led to the conclusion that some error developed i c. 
_ at this point of the prototype. As it is a point near the foundation, it may be be 
~~ that any | y disturbance was due to nonuniform rock deformation. _ E: 
Point 4d. —There i is close agreement between prototype and both models in Be 
far as the highest stress is concerned. On the other hand, analytical stress 
analysis, mainly by independent arches, lead to values lying far 
i Point 5u.—There is a fairly good agreement of all the values of the maxi- 
= compressive stress. Only the independent-arch theory leads to a con- 


ate 


Gd.-The extent to which the downstream cracking of the plaster 
stresses —as 
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lower compressive stresses at point would also been improved by 
observing the model after cracks had developed. Sone: one enoidies red 
Points 7d and 8u. —There i is again a close agreement between the values « of 
the higher stresses as | measured on the prototype and models. _ The values: 
analytically a are considerably larger. 0 ‘ot 
Pr! Point 9d. —The differences in the maximum stress values, as found in both — 
models, are slightly in excess of the probable errors of the measurements. 
Particularly noteworthy i is | the effect of the downstream cracks as observed on 
plaster model, which justifies the second stress being a compressive one 
Points 10u and 11d.—A remarkably close agreement is obtained by con-— } 
sidering the influence of the downstream cracks. This accounts for the gre: t 
- differences ¢ as compared with the alkathene model and trial-load analysis. = 
_ Points 12u and 13d.—There is agreement of the values determined by ie 
tests and prototype observation , analytical methods having led to a rather 
Points 14u and 15d.—All the are found to. agree fairly closely. 
Point 16u.—There is a fairly good agreement | between prototype and st 
‘stresses load” analysis gives | a lower value for the highest 


: From ‘the foregoing some general conclusions can be drawn. : Considering 


7": the absolute values of the maximum principal stresses at each point, Ca 


cr between the prototype and both models can be accounted for (except 
for point 3u) by the margin of error; in other words, the structural behavior as 

predicted by model testing closely agrees with the actual behavior of the proto- — 
- type. It should be particularly. noted that point 3u as well as point 9d, for 
' oo the differences encountered were a little too high, is located near the ie 


foundation where disturbances ¢ are likely to occur. 


‘The situation is quite different for the maximum stddeatis by ‘the trial- load 
analysis. _ There are a number of points (4d, 6d, 7d, 8u, 13d, and 16u) at which 
becazira ph ge differences were found than are accounted for by the ob- 
For point 8u, at which the highest prototype compressive 


slightly more than half—that is, 16 ke per sq it yields approxi- 
- mately d double the stress for point 7d. Similar comparisons have n not, as a rule, 


‘disclosed such marked inequalities. Ih this case the exceptional rigidity of the 


- ian ond twist adjustments, would have given better results. However, | 
the amount of work entailed would have been unfeasible age ne cost aod 
Among the values given by the trial- load analysis, be 

to the ones at the base of the cantilevers which were assumed to be cracked 
3 (Fig. 14). In fact, they are higher than those given by the alkathene model, — 

= especially for the crown cantilever (Fig. 12). Other model tests have shown 
_ that such a gradual change in the thickness, as considered in the trial-load 
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with -eracked cantilev ers, entails a zement of the 
hae a stresses in the dam. However, the actual stresses in the downstream part of — 
the cracked sections are not so high as those computed analytically. anivioadag 
ip _ The method of independent arches leads to much higher values, sometimes 
sat more than twice those observed in the prototyp pe at most points. An exception 
: is the point of maximum compression, 8u, for which a lower stress is obtained 
a so far as the minimum principal stresses, in absolute value, at each point 
“are concerned, the model torte are found to yield rather important einai, 

“ease ¢ of the maximum stresses, the greatest discrepancies are febowsted at pints 
in the vicinity of the foundation (4d and 7d). It is easily understood that the — 
main effect of the irregular cracking of the rock may be a) disturbance of the © 

-.% minimum principal stress because its direction is roughly parallel to the founda- . 
tion surface. The trial-load analysis also le: ade: to unsatisfactory values of the | 
“ash le Among the minimum principal stresses, the ata ones are worthy of note. 
; 2 ‘ It was seen, however, that the errors affecting the measurements do not enable 
-® conclusion to be drawn as to the extent to which models or analytical com-— 


putations are dependable for that purpose. te in 


[ ese iba by both model tests and trial-load analysis. The condition is quite 
different at at the crest because tl the prototype deflections here are even smaller than 
1} a those given by the plaster model. The large deflections at El. 30 and El. 40 are — 


Py _ due to downstream horizontal cracks and to tightening of vertical joints (Sect. i 


to the decrease of the crest deflection. we 
‘The deflections given by the alkathene model were found to be smaller at 4 

“every elevation. — Moreover, the deflection diagrams exhibit a different ; appear- 

a ance near the abutments at El. 40 and El. 50. The tangential deflections mea-— 


sured at ‘the prototype and at the plaster model (Fig. 9) are in reasona’ le 


7 3 _ The horizontal eracks, which entail a decrease in cantilever effect, con- 


agreement in their general appearance. The prototype gave higher values 


bd pri which were surely due to tl the tightening of f the 1 vertical joints. Y The vertical 


deflections at the prototype crest are larger than those ‘obtained from the ‘ 


measurements on the plaster model (Fig. 10) ; the reasons have been explained 


__ The most remarkable result achieved in these investigations is the evidence 4 


of close agreement between the values of the maximum principal stresses at s 


- each point as observed on the prototype and on both models (Sect. 8). _  Onthe | 
~ hand, | the trial-load analy sis led to stresses differing considerably from q 


In view of the agreement betwe een prototype oad models, it may be concluded — 


Ob. Comparison of Deflections. —The radial deflections observed at the proto- 7 
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cracking and percolstion of water 
garded as very significant because the observation of some rm structures 
could wrongly lead to the assumption that a dam behaves heap of concrete a 
become irregular near the a lack of uniformity did not affect the 
the central part of the blocks, which ‘Strain meters were 
thems been important stress concentrations. hi bab 
The strong influence exerted by the horizontal downstream cracks on the __ 
"state of stress at the crest must be emphasized. It was not until such cracks 
had been cut in one of the models that an agreement with the prototype could. 7 
_t The tests performed on one of the models, together with those on models of 
other dams, indicate that, contrary to the general assumption, an upstream _ 
crack i in the base of the dam does not change the state of stress even though it 
affects an important part of the dam thickness. This conclusion should be 
- considered when judging the tensile stresses computed i in most cases at the up 
stream part rt of the base of arch dams, 
In so far as the minimum principal stresses are concerned, no conclusion 
- ould be drawn on the suitability of model tests or analytical methods sion 


_ the accuracy of the measurements was not sufficient i in view of the smallness of , 
those stresses. With regard to the maximum as well as the minimum 1m principal ~ 


= = stresses, the more significant differences between prototy pe and model — 


The more important problems i in the technique of testing are 
selection. of materials and the measurement of deformations. As far as the 
i materials are concerned, the experience gained in the attempts to improve the le cee 
procedures leads to the conclusion that plaster-diatomite mixes are 
‘Suitable Sect. 2). They have, however, the drawback of too low a tensile 
: strength, which makes them less suitable when high tensile stresses are expected 
to dev velop. Alkathene, as well as other plastics used for model construction, 
does ‘not have that drawhes k, but the influence of its high Poisson ratio, which = 
changes from one case to another, has not yet been studied. Sew 
lectrical strain gages are best suited to “measuring model strains. The 
observation of the prototy pe provided evidence of the high standard achieved | 
in measuring strains and deflections. This is clearly seen from the diagrams - 
for the strains as a function of f the he height of the reservoir Cig. 20) and f for t the 
7". The behavior of the dam under load was satisfactory, except for leakage, 
a would not have occurred had the structure been carefully built and the Pam 
_ shape: designed to avoid considerable tension. The cracks reveal that it would a tee 


have been possible to save concrete. — 
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ARCH 


“achieved in mode! testing, it is believed that model studies “pow be made for — 
all except ‘minor projects. o* The trial-load analysis can be used in principle » with 
any shape and foundation conditions. However, the necessity for reducing 
_ costs and time requires simplifications in the number of arches and cantilevers 
and in | adjustments. This leads to results of unknown accuracy, especially 
with: dams exhibiting dissymmetry, irregular foundation lines, heterogeneous 
foundations, and shape singularities such as cracks, bulky abutments, and 
eS only way of securing dependable information on the practical use of the: 
- analytical methods will be by systematically comparing their results with 
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—In the paper is. reported one of the few available 


- comparisons of model and prototype studies of deformations and stresses in a 


_conerete arch dam. authors are to be complimented for their lengthy 
__ In view of the obviously careful ana detailed efforts expended i in obtaining a : 
_ the reported material from the model and ‘prototype, the question arises as t to ¥ 
why these re results we were then compared - with an admittedly incomplete an 


approximate trial-load stress analysis as noted by the statement (Sect. 5): 


_ “In the trial-load analysis only the radial displacements were considered ***.” 

The effects o of tangential shear and twist cannot be disregarded if an unbiased ban 

comparison of model and analytical methods is to be made. This is illustrated _ ei. a 


. (F ig. 22) by comparing the radial displacement of an arch element (in the _. 


Radial deflection peer defection based 


‘Fro. 22.—Errect oF TANGENTIAL SuEAR AND Twist ON ARCH Duruacewent 


pee 
posed Yellowtail Dam in Montana) considering only radial- -deflection agree- 
ment and the radial displacement including also the effects of tangential shear 
and twist. In Table 2 is a comparison of arch stresses at the crowns and 
7 _ abutments: of horizontal elements: in this | same dam, showing the ef effects — 
tangential shear and twist. Similar effects on stresses in the crown cantilever 
are illustrated in Table “ge Because principal stresses are not normally com- 
puted on the basis of : of radial al displacements only, the effects of tangential shear _ 
twist on them are not available. 
‘The authors further state (Beet. 1): ner, 


The first approach havi ing g led to fairly heh ‘eat stresses at the base aay 
of the cantilevers, a more accurate analysis was made on the assumption : 


It “would be interesting to know how the extent of cracking was ‘determined 


x failure i in the concrete is required. Furthermore, the effects of tasigeidial shear 
and twist often show such a reduction in tensile stress that an eanumaption of 7 


at Norris, Hiwassee, and Fontana dams. They state (in Sect. 


Bi ° Engr, Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, 
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‘COPEN ON ARCH ‘DAM 
“lt should be noted, however, that in all those investigations no attempt 
-_ was made to analyze | the stresses by computation | or model testing. eect. 


The difficulties encountered by torign engineers in obtaining all available 
ot published material in the United States are realized. It is somewhat t surprising, -% 
howev ver, that the authors were not acquainted w with the analy sien! 


‘but several design studies, "based « on n both the li linear and nonlinear a 
been made.” The results of stress computation on Norris Dam® by the 
4 USBR and stress analysis by the TVA of Hiwassee Dam® may also be obtained. PM 


se TABLE 2.—EFFECT OF TANGENTIAL SHEAR AND Twist ON ARCH STRESSES — 


at CrRowN AND ABUTMENT SECTIONS OF YELLOWTAIL Dam odd 


adjustment | shearand | adjustment | adjustment 
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The last two paragraphs in n the paper express the limitations found for th 16 


ee In view of the fact that the specific time and expenditure of funds required 
for the model tests are not reported in the paper, it is difficult to understand — 
the, first part. of this conclusion. In the paper it is stated (Sect. 1): “The ie 
. investigations were begun in 1947, and their experimental part was completed B g 


*“*Trial-Load Analysis of Nonlinear Stress Changes in Shasta Dam Due to Earthquake Effects,” 
“ ‘red A. Houck and Donald 8. Rand, Technical Memorandum No, 618, Bureau of Reclamation, U.S. Dept. 
a. w of Cross Section, Gravity Analyses, and Twist Sradins | for Norris Dam,” by Ivan E. Houk, 
4 Technical Memorandum No. 854, Bureau of Reclamation, U. &. Dept. of the Interior, Denver, Colo., — 
November 21, 2008] .to96 state ved) baa 
_ "A Technical Review of the Hiwassee Project,” Technical Memorandum No. 61, Tennessee seca 
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in (1951. Ibi is further (Sect. 2): ‘A later detailed is to 
cover all the model tests conducted at the Laboratério during the past eight — 
“years. "These statements indicate a considerable lapse. of time and great 

~ expenditure of funds. | This makes the criticism of the trial-load method on the Bs, 
_ basis of time and cost seem a little unnecessary, 


tea The USBR with its } experience, knowledge, and trained personnel has not | 


found the trial-load analysis to be too time consuming and. ‘expensive. On 

: a the contrary, the possibility of saving materials by using this analysis i in design 
‘studies | has made tl the cost become insignificant. _From previous experience 
n numerous stress studies it is possible to base | designs of dams on greatly 


_ simplified trial- load ‘Studies, such as a simple adjustment of radial displace- 
| wey silt vig al shy abiovs 
TABLE 3 —Erreer OF TANGENTIAL Suran AND Twist on Crown 


ait 


Radial ake Going lete 


135 — 132 + 3 
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4 


are in pounds re in 
ments of the crowns of arches and crown cantilever. When design con 
aaa desirable features—from both structural and economical 
. standpoints—has been determined, a detailed trial-load study is made and 


any changes found necessary from its results are incorporated in the final — 


2 Tt should be stressed that the greatest value derived from the 
method of analysis is not necessarily the final numerical displacements — 
stress obtained, but tather the determination by comparative studies of the 
most economical structure under a given set of conditions. Where the neces- - 
sary design data are available, the actual time required to o make a complete 
trial-load study, including tangential shear and twist, varies from three to e 


Ur 
months depending on the conditions encountered. Generally three 


_ trained and | thoroughly familiar with trial-load analysis, are required. = 
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the use of ond grouting procedures, 
objection to “irregular foundation lines” and “heterogeneous foundations” 
may largely be eliminated by careful excavation and preparation of the abut-— 
ment and foundation area. Even if adverse conditions are encountered, it is 
doubtful if the accuracy obtainable from small-scale models is greater than 
_ that possible by use of ‘trial-load procedures. - In studies completed it in the past 
a large variety of foundation conditions have been met and successfully in- i“ 
eluded in the analysis with very little additional time required. In fact, it is. ; 
safe to say that any or all of the difficulties mentioned as adding too much time i Bid 
and cost to trial-load studies can and have been included in analyses with little s = 
additional effort involved. ‘ ‘Shape singularities such as cracks” may’ be easily 4 a 
avoided by careful design. In this regard the use of trial- -load analysis has 
definite adva antages because, through the use of simplified ‘methods and the ~ 
r application of experience and judgment, areas ¢ of tension may be reduced or 4 : 
okt might also be stated in defense of the trial-load method that the appli- 
‘ome ‘of dynamic loads, such as earthquake and temperature variations, are ~ 
easily included whereas such loads are extremely difficult or impossible to 
a handle with any degree « of accuracy on n models. The authors were fortunate i 
having an ideal condition where these loads did not create a problem. 
aN oa The next to the last paragraph is e extremely perplexing because t! the authors 
are acquainted with the “* remarkable investigations of the plaster an and 


rubber models of “Hoover Dam * **15 These investigations proved the __ 
practical value of trial-load analys sis, and from these results it would } not bc pasar 4 


Commenting on the trial -load ‘method, Von K. in an article on the 


Hiersmann Arch Dam®* states (es ‘ranslated): 


only the for the radial were made. These results 
when compared with those had by experiment can be considered good in 
agreement. The deflection and stress diagrams show in both cases the 

same and their numerical values give for comparisons such 


oa haustive model tests on Hoover Dam, a the actual measurements of foe in 
service by the USBR—the conclusions arrived at in the paper Tegarding the 
7 trial-load method of analysis seem to be unjustified. Perhaps a more complete : 
4 study based further with be of value. 
having had the opportunity of collaborating with the e Direcgio Geral. 
Servigos Hidréulicos | and the Hidro-Eléctrica do Zézere in the extensive 
— investigation of an arch dam by model tests, analytical. computation, -¥ a 


observation. The opportunity of having | a model and prototype available for 
ats “Die Berechnung der Gewolbemauer am Hierzmann nach dem Versuchslastverfahren” (Analysis 
of Hierzmann Arch Dam a the Trial- Load Method), by Von K. Goriupp, ‘Osterreichische ein ill 
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research is indeed rare, and the results obtained are _Inex 
= tremely thin arch dams, cracking of the concrete develops frequently, which — 
~ complicates the analytical computations and also | increases the difficulties in in ‘ 
similitude for model tests. The fact that cracks: developed i in the prototype 


m ments were made are ir indications that models may be used : advantageously to 
provide information on on the structural behavior of arch dams and the poedlited oe 

By " The tests of both the cofferdam at Castelo do Bode and its model were 1 made e 

‘under almost ideal conditions. For the prototype, the loading-unloading 

 eyele was made during a fairly short period of time. This minimized the 
possibility of having the ‘structure affected by temperature changes, changes 


laboratory conditions could held constant throughout the test period, 
_ thereby eliminating many of the 1 ‘uncertainties traceable to changes in tem- 


perature and humidity. By eliminating these changes, simpler interpretation — 


Ta A review 0 of the comparable program for Hoover Dam covering two models ied 
and their tests is instructive. . It will throw further light on the newer studies — 

- detailed in the paper. Prior to the design and construction of Hoover Dam, 

- the USBR u undertook an investigation program of structural behavior of arch _ 
2 - ar The USBR contributed to the test program of the Arch Dam Com- 

_ mittee of the Engineering Foundation for the Stevenson Creek Dam ‘and 
ra built and tested a model o of this dam. ‘This w was followed by 


tests of models o Gibson Pam (in Montana) ‘and Hoover Dam. At the 


undertaken. should be emphasized that, at time these investigations 
= 


“were begun (in the late 1920’ 8), the for measuring strains, stresses, 
and deflections was still in the development stage, and the results obtained — ie 
crude as compared with t those obtained by the Laboratério which used 


As, a part of the program of investigating the structural behavior of Hoover 
two. structural models were built and tested. This program included 
measurement of deflection in radial and ‘tangential directions, angular dis- 
placements, foundation deformation, a oad. “measurement of 8 strain. Alter 
making th these models were analyzed for loading conditions i in the 


Plaster and Celite M odel.—The first model of Hoover Dam was & mixture b> ts 
of ‘commercial building | plaster and celite (infusorial earth) which v was a highly . 


elastic lightweight material. The principal items of structural data and ne ; 
assumptions for the analysis were that eventually meh 
of model, 1 to 240, or 1 in. = 20 ft; 

Loadin fluid: Mercury having a density of 13. 6; 


3. Weight of plaster-celite material, 42 Ib per eu ft; a 


: 4. Modulus of elasticity of the plaster and celite material i in tension ‘and 


xe 


prototype of these two models, extensive programs of structural Ca a were a : 
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‘the plaster = in 37, per 


stresses vary as a straight line the upstream to the 

- 7. Cantilever stresses at the faces of the model : acting parallel to the slopes. ‘ 
of the faces are equal: to the computed vertical stresses multiplied by the squares — 
of the secants of the angles between the faces and the vertical directions; eon a 
are. _ 8. The foundation deformation was adjusted and made to conform to the ; 
The concrete support around the plaster-celite base and the support at 


VUS 


royal wv 


a The trial-load method was used in the analysis of thi 
striae; rotations, and deflections due to the mereury load on the ‘dpeltidedh 


face were , determined by the a analysis, and because the actual strains and deflec- a 


tions had been measured on the model, the results yielded a comparison betw een 


For this purpose of the analy sis, the model dam was repl laced by two sys 


The mercury y load was divided between arches and cantilevers and also between i a 2 
equal and opposite e tangential and twist loads applied to the two systems in _ 
order to establish geometrical continuity throughout the structure. The 


— 


required loads were gradually determined by trial so that the deflections and 
rotations in in each system would bes equal at all conjugate points. Because 
= this satisfied the conditions of geometric continuity, the strains and stresses. x : 
due to the applied trial loads were computed for both systems of elements. imei ’ 
‘The mercury load produced movements in Tadial directions, movements in 
tangential directions, and rotations in horizontal planes. These - movements 
4 and rotations were considered, respectively, in the radial, tangential, and twist 
adjustments. Ih the radial adjustment, loads necessary to produce radial 
i continuity were applied by trial to the arches and cantilevers; in dhe tailed 
adjustment, loads needed to restore tangential continuity were introduced; 
“a and in the 1 twist adjustment, | loads required to produce the same rotations in 
the arches and cantilevers were ‘used. alahony ued | 
The results of the series of tests on the plaster-celite model: indicated that 
computed deflections agreed closely with the measured deflections. The 
results of the strain measurements were not in such close agreement, however, 
_ mainly because the available gages for measuring strain were very crude e 4 
compared with those available subsequently. The strain measurements were - 


‘made only o1 on the downstream face of the model because the load was app 


_ by hydrostatic pressure of mercury in a rubber bag braced against the op 
Rubber and Litharge M odel —The second model of Hoover Dam tested | was 
a “4 made of a compound of rubber and litharge which had a unit weight of 150 lb 
cu ft. Because of its low modulus of elasticity the material could deform 
3 F readily | under hydrostatic. pressure of water. _ Thus, ‘it was as possible to have the e 


i specific gravities of the model and the prototype the same and also to use the — 
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for the purpose of we model were as foll¢ ) 
Seale of the 1 model, ‘1 to 180, or 1 in. Ae 


lb; 


¢é “compreion in the cantilevers, 343 lb per sq in. 


in the arche. %89 Ib per sq in. adi. to 
; 6. Average tials, of elasticity of the compound for shear i in the canti 


Average modulus of elasticity of the compound for shear in the 


4 Average value of Poisson’ 's ratio, 0. 5; 5 


9. Normal arch and cantilever varied as a straight line from the 


face to the downstream face of the model; 


4 Average mod*"us. of elasticity of of the | for tension and ¢ 


10. The foundation movements were ndlosted and made to conform with 


¥ 11, The concrete testing pit supporting the model and its foundation was 

12. It was that the rubber remained in contact with the: concrete 


In the trial- load analysis of sti it was necessary to assume that the 


It was not an ideal material, however, ‘beenuse it had pronounced directional 
properties which, in ‘addition to abnormally large Poisson ratio and 
=. proportionally high tensile strength, made its elastic behavior different from _ 
that of concrete. However, it did permit making observations for strains on a, 
_ the upstream face when the model was subjected to water load. p heoi-ler to. — 
Comparison Studies —A comparison of the measured and “computed 
- deflections for both models showed that the analysis of the models by the trial- a 
halla method | ‘gave deflections very close to the actual values found from 
2 measurements on the models. The computed stresses were in reasonably close 
agreement with those obtained from the strain measurements on the models. : 
If the improved models of strain gages had been available at the time of these 7 
tests, the agreement would probably have been closer. bas, lohor 
dad The concluding step of the investigation of stresses in Hoover Dam ‘Nas > en 
not been completed. _ Provisions for measuring the deflection and an extensive ie 
installation: of embedded instr uments—strain meters, ‘joint ‘meters, and ther- 
_ mometers—have been made at Hoover Dam for the purpose of observing the 
: z structural behavior of the prototype. It is hoped that eventually a series of 
observations can be made under conditions: which will resemble those 
which the models were tested—at maximum reservoir level and under uniform 2, 
_ temperature conditions. In the prototype the reservoir level has not: reached % 
— the maximum, | a, and | the e temperature of the conerete has increased abor 


Lor ew at t the time the contraction joints in the dam were grouted. 
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sha In comparing the stresses obtained from strain measurements at the 


Castelo do Bode cofferdam with those computed by the trial-load method, the 
results: are in reasonably good agreement considering how the analysis was 


4 
made. defiections, however, were not in so close an agreement (as the 


authors point out) probably be because only radial displacements were considered, 

Lat the arch elements were assumed to be of uniform thickness, and the modulus 
4 of elasticity of the foundation was assumed to be the same as that of the dam. : 
—=<dt is expected that a closer agreement | of ‘stress results would have been ob 


tained if the trial-load analysis had included the ‘effects 0 of the: ‘nonuniform -z 
thickness of the arch elements and the tangential and twist adjustments. It P| i 


also possible t! that, if the modulus o of elasticity of the foundation rock had been — 
_ different from that which was assumed, it would have affected the computed ; 


a ta Jor T. . RICHARDSON, 35 A -M . ASCE. —The authors have made contributions i 
Bo) F to the slowly accumulating published results of stress studies of actual, in- 
_ service dam structures along with allied model tests. The paper is a splendid 3 
~ presentation of results from several independent measurement sources, and ~ 


it 


_ Few persons will probably realize the amount of time represented in these 
oulten é Endless man-hours of work and a large staff are needed to accumulate a 
4 data from models and prototypes, correlate laboratory | studies, compute ae 
= for each study, and prepare plotted data—not to mention the time required * 


_ for the trial-load study and other analytical studies. The organizations | repre- 
sented by these authors are to be complimented for a en such a program. 
This summary is one of the first for which measured stress results are oe 
for an arch dam; it serves to establish, along with analogous gravity dam 

4 -results,! on which the engineer can gage methods of design. 

ie It is hardly surprising that model and prototype results and the results a 

trial- load and other analytical studies not comparable. Tt must 


each on a different basis ; each reflects the assumptions and conditions for whieh 

_ the particular analysis is made, and thus they cannot be expected to show oe 

final results. Perhaps the authors should have omitted results from 
their trial-load and other analytical studies at this time. As no attempt was 
made to explain the differences existing between these results and those of the 
ya model and prototype studies, the comparison of stress as presented is somewhat — 
a misleading and is not fair to the trial-load method. The authors indicated that — 
trial-load studies were made only on the basis of a radial adjustment and did — 
not include the effects of tangential shear and twist, as well as varying arch 
In contrast to the procedure in the paper, the USBR practice has been to 
_ make an initial study based on radial adjustment and then to complete the — 


radial & 


_ study by including the effects of tangential shear and twist. In all cases the a. 


? varying thickness of the arch is considered. The comparison of an initial and 3 ‘s 
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using trial- load results that disregard important needs ‘explanation. 
_ Temperatures as affected by factors of progressing construction, as well ery 
as by the varying conditions of reservoir, are reflected i in the results of instru- ze 3 
studies. These temperature e effects are not easily represented i in the 
_ analytical studies, and are not represented to the same degree in the model 
studies. Oftentimes the analytical study represents: only stress conditions — 
of “during an a normal or some other fixed operational status for the structure whereas pt 
_ in-service conditions may not ever be comparable because loading, as repre- _ 
4 sented in in the analytical study, may not occur on the prototype t until it has been oa 
in ‘use a number of years. s. Even then, stress conditions may be entirely dif- ee! “J 
ferent because of the wide divergence in temperature and deflection between Ry ue 
conditions and those used indesign. bee “bayis 3 
The analytical study must assume values. for factors such as allowable . 
strength, modulus of elasticity, temperature effect, and Poisson’ 
2 ratio; oftentimes the study does not recognize the effects of other factors such | = 
uf as concrete growth or shrinkage due to drying, or creep of concrete under 
i sustained load. Likewise, the effect on stress of triaxial loading is not included; Taare 
4 on massive volumes of concrete, as confined in a dam, this effect is not too vel 
understood and t thus: -eannot be it included the analytical study. ' 
quantities are more or less automatically introduceed— —or at least accounted — 
for to some extent—in the measurement studies. ta 
a Rock modulus is an uncertain quantity. bi Although its values for use in 


salient studies are determined i in the laboratory to the best of the engineer ‘Ss 


the dam ands reservoir may have on that foundation rock mass. = 
oo oa view of all of these factors collectively, it ca can easily be understood that 
many designers lose sight of the complex system of variables with which they ey : 
. are dealing in an arch dam and oftentimes are reluctant to accept results of a 
sr measurement methods of analysis wi when they are not in agreement with analy i 
‘ical results. _ Conversely, many research workers do not want to accept — , 
obtained by analytical methods when such results do not check with model and 
ae measurement studies. In general, when a a _ comparison is made, results = 
_ Taust be qualified 1 to avoid misleading the reader who may not be familiar with 
the basis of the study or the method used. Monten} labou tn 
Many designers and researchers believe stress ss variation on a section of a Ps 
cantilever or arch is of a linear nature, as expressed by : accepted theoretical — 
= mathematical methods. They are unwilling to recognize that variation — 
_ shown by measured ‘strain is very much nonlinear i in nature, not recognizing = 
stress as well as load is a function « of varying 1g temperature. Sometimes, 
temperature effect on a massive structure is 3 of far greater influence on stress — 


8 made known, and only by the continuing joint efforts of engineers engaged on i 


3 both measurement a and d analytical programs can § sufficient information be ¢ be ac- i: 
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RICHARDSON ‘0 ON ARCH ‘DAM 
cumulated to narrow the gap between design and in-service » conditions 
4 structure. ro Results of these joint efforts will assure that future a as-built struc- 
tures will operate stresswise as s anticipated by the design. ae 


In an analytical study, the stresses are somewhat an average 


‘different on plane from that normally used, ‘par 
ticularly: near the base of the structure. “This. effect was illustrated in a 
‘paper’ and is further strengthened by other similar The results 
‘post or piling ‘may partly account for these between 
“observed” and computed stress or “average” stress. 
The authors will be interested to learn of the usefulness and reliability of | 
external measurements on an arch dam. In the study of stress from 
‘strain in Hoover Dam (USBR), the stress trend in both cantilever and arch es 
‘sections from eee strain-meter measurements is reflected in the record _ 
from the plumb lines located in the elevator shafts and from the precise survey - 
“measurements ecru over the top of the dam and on the downstream face of — 
From the program presented in the paper, it is ‘apparent that model and > 
"prototype structural studies provide as authentic and useful a source of data 
for evaluating the behavior of a structure as that provided by analytical studies. — 
Although the trial-load and the independent-arch methods of analysis | furnish — 


excellent beginning, they still do not guarantee that the structure will” 


and prototype results are valuable evaluating the aad for use as 
criteria in future structures; in the end, an attempt should be made to tie f 
together the results of all three 10 to Ue al » 
authors’ statement regarding b behavior measurements a at some American 


infers that (in Sect. 1) “* ** in all those {nvebtightions no ‘attempt was 
made to analy ze the stresses by computation or model testing.” 
4 ait They are reminded that the USBR structures have been analyzed by one or 


more methods. In the large conerete-arch gravity dams, analytical studies > 
‘one of several methods are made : as well’ as a study of stress by internal and 


4 


external ‘measurements. In the case of Hoove rer Dam, the elaborate program 
of model testing'®: *7 was conducted simultaneously with the trial-load and other ro 
analytical studies. . It is planned that data on stress from measured strain — 


correlated \ with measurements of deflections and displacements will be'made : 


Inthe: prototype example offered by the authors, the — 
5 -eycle required only 4 days, which is far from the conditions experienced in most 3 

‘service structures. No mention is made regarding the property of creep of * 

concrete under sustained load and its treatment in relation to the prototype _ 


“The Development of Stresses in Shasta Dam,” by J. M. Raphael, Transactions, ASCE, Vol. 118, 


_ “Model Tests of Arch and Cantilever Elements, Boulder Canyon ‘Final al Reports,” Bulletin 
 @, Bureau of Reclamation, U. 8. Dept. of the Interior, or, Denver, Colo., 193 : 
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study. my hus, it must be assumed during this short loading cycle that, for “ic . 
- purpose of a simple solution, creep may be neglected and only a modulus of of s 
elasticity at time of full load be used, with the resulting assumption that stress _ re 
will follow directly from strain through direct application of Hooke’s law. the 
ingenious orientation of strain meters in the prototype is noted. 
though this orientation is excellent from the economic aspect, it does not afford “a 
a method of checking strain at the gage  points—which would be the case if a ov ian 
. q duplicate meter installation were made. Thus, measured strain valuesmustbe 
| considered absolute, and strain for directions other than those of the meters — 
must be computed by resolution. . Although the authors may have had implicit ie 
- faith in the reliability of their equipment and the methods used for installation, = 
had any one of a trio failed, the complete trio would have been useless; also, 
= without duplicate meters in each gage direction, there always exists the shadow be a 
In contrast, the USBR practice provides for duplicate strain meters to be 
installed in the three major orthogonal planes and for supplementary meters 
to be placed i in several planes at 45° angles with the primary meters. The usual = ra! 
_ installation includes 12 meters for each group. Thus, the cain 
“system affords three Major directional lines of stress: from strain at the 


~ greatest possibility and reliability for stress investigation. This setup rien i 
_ better compatibility of strain between trios of strain meters having one mutually s 7 
perpendicular “meter and adds to. the reliability. of results. In the e authors’ 
installation no strain meters were placed centrally in the dam, and hence 
results for stress variation through the section are | unknown, ply 
7 | These comments are not to be construed as a critical view of the ‘system — os 
_ used ; they are made to emphasize the care and forethought required in planning» - 
an installation for reliable results. This comparison further ‘Stresses the 
contrast in practice between methods used for obtaining data in the 
- _ The authors’ results should leave little doubt in the mind of the engineer 
4 ‘that each of the methods illustrated will serve a definite purpose in relation 
- to dam design. In combination, they will be the criteria by which reliable 8 
; _ information | can be obtained and in the end afford a means by which that 
a information can be used with a high degree of certainty to ascertain the stress i: 


CarvaLHo XeEReEz.**—The paper is valuable in promoting a better 
knowledge of the structural behavior of arch dams and. of the analytical and 
_ experimental methods used for their design. si As the. authors believe, it was 

indeed worth while to publish these results. The writer must. add that it 


= be desirable for all laboratories to. do the same - and thus provide an me 


opportunity for comparing their methods of testing and. observation. 
_. Concerning the model investigations, the authors properly conclude _ 
Sect. 2 “* ** that a mix of plaster and diatomite i is the best material of those — 
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(Geet. 4) that me's Poisson's ratio can be regarded 2 as not significant 
influences’’ because he feels that it is very difficult to discuss this influence. _ 
The comparison ¢ of results presented is interesting, yet it would seem that — ‘ 
the a authors went too far in their analy sis in comparing the stresses at all the 
observed points of the prototype. To justify the differences between the 
corresponding prototype and model values, a low degree of accuracy of the 
‘measurements had to be | acce} 

found to explain those “differences whieh dha In ‘the 

_ writer’ 8 opinion, it was enough and more natural only to express “ “e ** the 

evidence of close agreement between the values of the maximum principal 
stresses * as stated at the beginning of Sect. 9. a a Yo ’ “oe bed 


The comparison between ths observed prototype stresses and the 


‘results for this type of dam. The latter method has ‘the great value of sim- — 
"plicit, giving the superior limits of the to stresses. nd 3 
‘dam does not the state of stress even though it affects an important 
part of the dam 1 thickness” "is very important. In fact, this conclusion is 
Manvet Rocua,® M. ASCE, J. Lacinna Serarim,® M. ASCE, AnTént0 
DA SILVEIRA “and J José M. RESSURREICAO } Nero. .—The writers are in- 
-_ debted to the discussers for the attention given to their p paper. The questions . 
raised by some discussers require further elucidation of certain points which, 
; because of limited | space, were not perhaps fully treated in the paper. The 
need for condensing led to the omission of many aspects and results obtained in 
se From their own experience with the trial-load method the writers know 
the ¢ effect. the tangential displacements and rotations have on the reduction 
of stresses obtained by radial adjustments. The results presented by Mr. — 
Copen in relation to Yellowtail Dam agree fully with what is to be expected = 
- from this effect; when the dam supports loads by tangential stresses, it under-_ 
goes less radial displacements and therefore the normal stresses in the ne a 
and cantilevers are lower. However, considering only the effect of hydro- . 
static p pressure, the reductions of the maximum normal stresses. through the 
introduction of the tangential shear and twist do not, as a rule, go beyond 30% 
for either the maximum tensile stresses | or the maximum compressive stresses. a 
This fact, which is w | well established in various s USBR technical memoranda, = 
has also: been checked from comparisons of results of model studies of Port- 
wguese dams with their trial-load calculations, 
their studies the writers made three simplified trial- load analyses, 


first one with uncracked cantilevers. > Even though this calculation showed © a 
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ROCHA-SERAFIM-DA NETO ON ARCH DAM 947 
Mr. deon makes very ipteresting about the 
: that the dam would crack at the heel, it was made only after the observation 
q of the prototype. This observation led to the decision as to what depth of Ps, 2 
_ Bearing in mind the foregoing, the writers were able to conclude that the 
me = po determined by a complete calculation of the cracked zones of the dam ea 
under study could never give values of the order of those given by the models __ 
: or observed in the prototype once they differed much more than 30% (see 
4 zones at points lu and 2d). In view of the fact that the trial-load calculation 
_ is based on formulas of the strength of materials, it cannot be adequately ap- | oe, 
* plied to singular situations which occur, for example, near a crack or a hole. cen 
is one of the reasons the writers considered it unnecessary | to: 
ceed with a complete trial-load calculation which would undoubtedly be too | £3 
_ costly and time consuming because of the cracked cantilevers. In fact, the — 
7. writers, in an application of the « complete trial-load method for another arch 7 
_ dam, took about four times as long with the complete calculation as they did 
_ with a calculation with only radial adjustments. At the end they did not 
. consider that the information obtained compensated for the added time. 


i ee **the greatest value derived from | the trial-load method of analysis i is 


toi not necessarily the final numerical displacements and stresses obtained, 
Ya but rather the determination by comparative studies of the most econom- 


2 This is also an advantage that the writers have found in models because - vari- 
@@ studies can be made | on the same model el very economically, such as know- — 
- i the influence of a crack or an opening, or studying a thinner « dam a simply 
_ by removing some of the material from the model. It is to be noted too that 
ra @ a model makes it possible to. obtain quite easily the stresses for all levels of the — § 
4 this is not so easy with the calculations. 
The writers would also like to mention that, whereas the analytical calceu-— -— 


— | 
lation of a dam becomes extremely laborious when on the arches are not circular — 


and the dam has a double curvature (as is is the case of very recent rational es er 

designs for cupola dams), model studies are no more difficult in this case than 

for a dam having a circular cylindrical face and uniform thickness. ” _ The cases 

having four-centered circular arches, or having parabolic or elliptical Eo 4 

- arches, which have been studied in Portugal, well demonstrated how the trial- 
load ea calculation becomes more complicated for these cases. 

‘Tt should be mentioned here that the dam studied (the Castelo do Bode 

~ eofferdam) had arches of constant thickness, and consequently there was no 
simplification i in the calculation of theseelements. 
When referring to the probable cost of model tests in the 


fs ie: Mr. Copen assumes — the tests on the cofferdam lasted without in- : 


tério the years —refers to the model study of only one dam. 
_ However, the tests were not performed continuously, and the eight: years’ ex- 
perience refers to various series of studies made ona number of dams.@ 


ip 


_ Arch Dams: Design and Observation of Arch Dams in Port ” by Manuel Rocha, J. Laginha B 
_‘Serafim, and A. F. da Silveira, Proceedings Paper 997, ASCE, 1 56 
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When the comparative ovate of hen tials load 
Bees those of model studies, the facilities, the equipment, and the tradition 
which form the background of the question have to be considered. — ‘Thees 
_ tablishment of a laboratory such as the one in Portugal, as well as one of an pst 
mi organization like the USBR, is costly. Once the organizations exist it may be an a 4 
cheaper to make m model tests than computations, or vice-versa. The only 
' question remaining is that of the se scope of either of the methods in resolving a g 
the given problems; the advantage of model tests is greater, 
~qa With ment the statement—wh hen th there i is asymmetry, irregular rons of 


tions may bs: eliminated by y special preparation of the foundation 
. and that shape singularities such as cracks may be easily avoided by coreful / “4 
design. The however, are e of the opinion that, in n spite of thes suitable : 


avoided and as cracks ‘oveur, it is important to ‘have 
It is true that in model tests s only the effect of hydrostatic pressure is con- _ 

‘4 deena _ A comparison of the results of observations with the results of model 
tests can be made when studies are available, separating the effect of different 
a loadings o on the structure. Such studies are possible and are being undertaken __ 

7 ee. by the Laboratério. On the other hand, comparisons made between model 
i results and observations of the structures in which the different effects were _ % 
separated gave truly remarkable agreement, proving that. the disadvantage 
of the other loadings not being considered in the model Is is. mi minor. In addition, = 
it should not be forgotten that it is the hydrostatic pressure that stresses the 
oo A whole mass of the concrete although the temperature in zones covering — 

24 tively small _ volumes can produce high stresses (very much higher than those a 

considered i in the classical trial load). This point will be treated subsequently. 
‘Finally, when referring to the calculation methods for arch dams, ay 
should be drawn to the remarkable British. contribution for the resolution a 


- the problem by relaxation methods which is based directly on the theory. oo 


Mr. Simonds called special attention to the important model studies 


Hoover Dam which u undoubtedly were a notable step toward greater. knowl- 


edge of arch dams. His reminder i is very timely even though at Hoover Pa 5 
= 


reliable. stress measurements on the upstream face were not made because of 
; a lack of adequate equipment. These tests showed that the complete trial- 
load method is a suitable calculation method for arch gravity dams, but one 
cannot ¢ conclude that ‘iti is also valid fo for tl thin arch dams. tests conducted 
by. the Laboratério on Cabril, Salamonde, Canicada, and Bouga Dams. Gin 
Portugal), all thin arch structures with vertical curvature, show ed that i in Bie 
complete trial-load method the vertical displacements could not be omitted, 
In these dams the displacements are Vv very important pand were not considered — 
in the trial-load method of the USBR. 
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— 
Mr. Richardson makes some interesting about ‘the 
Bre ot certain 1 factors, such as temperature, on the behavior of th the dams. bet Recently Ps 
@ 4 it has also been possible to gather enlightening results on this pt . problem from eS 
observations on structures in Portugal. reasons for the differences when 
comparing the calculations, models, and observations should be a 
¢ It is to be hoped that it will soon be possible to make a useful revision of the 
design criteria of dams after current studies of maenqurements in the actual — 


structures have been completed in various countries. _ 


imple reatesives im the 
Dogg An incomplete statement in the p: paper led to the criticism of a / sentence 


s _ which did not express the writers’ Cie Of course, they could not 


the object of careful and detailed calculations their design. What they 
_ meant to-say was that, as far as they know, in all om investigations no at- 

es tempt was made ‘ ‘to compare the observed stresses with stresses obtained for — 
a the existing conditions (during the time of observation)” by computation or 

model testing. They had in mind that it is always necessary to analyze the Bre 

results ahicinad. by observation by the existing theories and this can only be | ¥ 


done by ‘using ir in the analysis conditions v which existed at the time the obser- 1 
q vations were made. 0 


“The worst conditions, which are usually those of the — 
design, do not permit this comparison because as in practice they seldom oceur. , = 

With regard to mounting strain gages, there has been a great advance in 
Portugal over the first use of these-instruments.‘* The modern technique, __ 


one developed by the USBR, is doubtless much better than the one that was” ei, 


tidy The writers, by comparing ree results obtained o on equal models built ¢ built of mate- 


* rials having a different Poisson ratio, have not found the great difficulty = 
tioned by Mr. it in discussing the influence of the ratio. _ These results 
n that 
Poisson ratio has an influence i in the stress field of the dam 


a ad The statement that the comparison of the on the proto: 
_ type with the analytical results is is not significant because neither the trial-load ad 
- method with only radial adjustments nor the independent-arch | method gives ye 
“true results” for this type of dam must be discussed. The calculation —— cre 
are, like all theories, only approximate a and never exact; theory is not, in itself, 
nature. ‘The comparison’ made is considered advantageous’ because these 
methods are used for design and it is necessary to show how near the “truth” a 
a they 1 may be. It should be noted that it is precisely to this type of dam, 
than: any other, that they are usually a applied. 10, 
a An analysis of the stresses at all points of the dam was made to see how far ee 
c the he differences could be explained by errors in reading. It was concluded that ae 
in n many ca cases the errors were responsible for them. dive 


a 46 ‘Measurement of Strains in Portuguese Concrete Dams,” by J. Laginha Serafim, Réunion Inter- 
nationale des Laboratoires d’Essais et de Recherches sur les Matériaux et les Constructions (RILEM) 
—Symposium on the Observation of Structures, Laboratério Nacional de Engenharia pete Lisboa, 10955. 
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GENERAL METHOD OF ANALYSIS OF 
By PaNaGioTIs D. M. ASCE 
; This paper describes a method for analyzing rigid frames by successive “ 


, approximations. In contrast to the classical 1 method of computation in two 
steps, this method unifies the steps so that, by new factors of distribution and - 


Nomenclature. e.—The rigid frames that are to” be analyzed have 


with a constant moment of inertia. The members are 
¥ 1, 2, 3, ---, 7, and the joints are lettered a, b, c, ---. The bending moments — 
- are dedeuted by M; the normal forces by N; AM shear forces by Q; and » at 
b the end section of a mensher: i, adjoining a joint, k, the bending moments, nor- 

mal forces, and shear forces are termed Nii, and respectively. 4 
These moments, normal forces, and shear forces, when they smelt 2 
as : exerted by the member, i, on the joint, k (the joint which is assumed to be 
_ fully restrained against rotation and displacement), are termed “‘on-the-joint”’ 
‘moments, n normal forces, and shear forces and are indicated by the oie a. 
Mii, Nis, and Evidently, the on-the-joint moments are equal and opposite 

in sign to the fixed-end moments of the members. The sum of the moments 3 

and forces exerted on the joint, k, by all the members meeting at k is the ee 
“unbalanced n moment,” DM xi, or normal force, or shear force, 
is known that loaded structures undergo elastic deformations, the main 
_ characteristics of w which are the movements of the joints. These movements — 
either rotations or ‘displacements. In rigid frames with straight members 

the deformations caused by normal forces and shear forces are negligible com- — J 


and titles given are those in effect when the paper was approved for publication in Transactions. _ Bhs: 
ite Prof. of Civ. National ' Technical Univ., Athens, Greece. peter 


| at; Norse. —Published, essentially as printed here, in October, 1955, os Proceedings Peow 811. _ Positi 
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= RIGID FRAMES 
iD 
of the joints. Therefore, of cach joint 


not independent of the displacements of other joints. 
Pe With the aid of virtual-displacement diagrams, all joint displacements - 
4 be expressed as functions of the e displacements of certain joints. The number — 


ri 


of these fundamental joints gives the degrees of elastic freedom of the frame. aa 
_ If the joints are replaced by hinges, the rigid frame can be converted into 4 
4 structure which, as a rule, has a certain number of degrees of geometric freedom _ 


which can be eliminated by adding some imaginary simple restraints in the a 
- - The number of degrees a of geometric freedom of the pin- connected structure 

ap mentioned herein is the same as the number of degrees of elastic freedom of the Fe 


; original rigid frame. The number of roller restraints that should be added to = 


the nonrigid, pin-connected structure in order to convert it into a rigid struc- 
ture again gives the number of degrees of elastic freedom of the original rigid 
frame. Thus, by adding one or more imaginary roller restraints, the degrees 
of elastic freedom of the rigid frame can be reduced by equal numbe “a The 
introduce im: restraints are numbered I, II, III, 


+M 


4% ‘ 
The term, * ‘group of alii joints (members),” corresponding to a 


a Bae joint is taken as all the joints (members) - of the frame which will be | 

displaced if the roller restraint is removed. possible for joints and members 
. _ of a frame to belong to two or more groups of condisplaced joints or members. — 
following s will be be used : the displacements of the frame 


and perpendicular to the direction of the axes of the member; i, the member; m .. 
. and ae, the ‘component ¢ of displacement « of a member parallel to its axis, with ane 
- suffixes, i and I, having the same meaning as heretofore mentioned. see all 
Sign Convention.— —A bending moment exerted by a member on ajointis 
positive when ‘it is clockwise. Conversely, a bending moment at the end 
- sections of a member is positive » when counterclockwise (Fig. 1(a)). A shear # 
“force i is positive when an infinite part of the member tends to turn clockwise 
under ‘the action of the shear forces at its ends (Fig. 1(b)); a normal force is ‘ 
positive when it causes tension in the member (Fig. 1(c)); the angles of rotation _ 
Be os the joints are positive when clockwise; and the displacements, 6; and Tis m= 


are positive when they a are caused by a elockwise ‘rotation of a member, i, = 
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forces, F°r1, -- +, are termed fixing forces. _ The forces, Pa, P., 


| 


—in considering a a frame (Fig. 3) loaded by 
loads, the stress of this frame can be accomplished in two 
_ steps by (1) computing the on-the-joint moments produced by the external — EY 
7 loads on the members; and (2) computing the end bending moments and the 4 
i. normal and shear ferdee 6 on the members produced by the unbalanced moments, __ 
Ma, M., -+-, and the forces, Z°;, -+- (Fig-4), lg 
The moments and | forces in this step are represented by Go. The 


inw vhich | My is the unbalanced moment at the joint; an external moment 
2 applied to the joint, k (positive when clockwise) ; and Di, the sum <a 


of all the members meeting at k: we nig | 


forces, «++, are equal and opposite to the reactions, 
PQ, rate +, 0 f the i imaginary roller restraints, which are placed at certain joints: 
termed displacers of the frame. The forces, F%, Fry, «++, are computed as 7 x 


reactions at the i imaginary ‘roller restraints of the corresponding statically 


termined pin-connected structure loaded by ‘the unbalanced forces, Py, P,, 


are the vector resultants of al the normal and shear forces and of any | bxtacial 
forces applied to the joint; that i is, 


rift 


in which On is the on-the-joint, k-shear force from the member, i; Nis the 

on-the-joint, k-normal force from the member, 1; and P,, any external 

applied on the joint, k. The summation of Eq. 2 is vectorial. pal 

Solution of (¢°) by Successive Approzimations.—The | solution of (¢°) by 

successive approximations is performed in two stages: First, by unlocking each 


joint in 80 | far as rotation is d ( the rest of abe joints 
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‘that joint to undergo linear displacement (the rest of the joints widatad fixed 
against rotation and displacement). When each joint is unlocked, the distri- — 


= bution factors, the carry-over factors, and: the unbalanced moments can be 


Py used to compute the bending moments at the end sections ‘of the members close 


the joint and to those adjoining it. TOMI IT Doss 


moments a factor. vit This factor to each imaginary roller re- 


i straint, the dimensions of which are 1/length. These factors are termed the 


restraining factors of the frame. . The corresponding fixing fo forces are denoted 


by Fey, dons 4 to | Is ot yd beaiatds aluom 


After the first unlocking of all the joints to free rotation, all the imaginary 
roller restraints are removed in turn. All the aan of the frame are then dis- 
_ placed under the action of the forces, Zi, Zu, +++. Itis assumed that woraiadll 
these displacements the of remain against rotation 


The 


ry 


the roller, I, was will be | pr by 
odt Ie = — (FY + F% + Py 


Because. each joint is displaced at the end sections of the members meeting 


On the remaining imaginary roller II, IH, ---, because of the 


= forces, Zz, are are negiigible., 


at the considered joint, bending moments are developed which can be deter- ah -cF 
mined by multiplying the force, Z1, by a factor corresponding to each member iF 
having the dimension of length. These factors are termed distribution 
of t the roller at. I, new fixing forces, F111, * developed which 
can be determined by. multiplying the force, Zay, by. numerical factors termed = J 
Shear carry-over factors. In the same manner, all the imaginary rollers 
removed in turn. The. joints are ‘successively unlocked against rotation and 


_ are set free against displacement repeatedly - until unbalanced moments and 
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RIGID FRAMES 
ae of Virtual Displacements. —The determination of the centering 


es 


‘Salient are obtained by means of a ‘diagram of virtual displacements 
a ‘The results of a displacement, 61, of the joint, d, from which the roller, a 
was removed are used to draw the diagram of virtual displacements. The 
symbols, (nt), «++, will be used to denote diagrams of virtual displac 
ments obtained by the successive removal of each roller restraint. 
‘The displacements of the joints and the relative of the ends 
of the members as functions of the displacements, 51, 511, ---, are determined e 
the aid of the instantaneous center of rotation (Fig. 5(b)) and with the 
and If th the displacement, 5a, of the end, a, is known, the re- 
maining member may ay be determined by 


= ¢'; 


he's 


the case of a series members, 1 °° wd 5(0)), 
a the joint, m 
pated by using Ege. s. 4 as follows 
ite ot = = ba; = d,6 a 
Factors. —Consider a in all ‘the joints 
ee fixed against rotation except joint a on which a moment, Me, acts. 
All the joints of the frame remain linearly undisplaced because of the i imaginary 4 
restraints, I, II, III, ---. The rotation of a causes fixing forces, 
Fey, «++, at these ‘imaginary rollers. Subsequently, the fixing : 
foree, Pt, is determined. The determination of the r remaining forces, Fy 
+++, is performed in the same manner asfor F%. 
If the member, i, is isolated by two cuts near joints a and c and if the 
he veloped internal forces, M, N, and Q, are applied externally (Fig. 6(b)), the a, 
member, is in equilibrium under the action of these forces. The distributed 
moment, M*,;, and the carry-over moment, M are determined as functions 
of the applied moment asfollows: = = 


tly by the application of the principle of virtual d bars 
ors is given subsequently by t ts of the joints an 
adopted as finite displacemen ome 
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ixed at ¢, 


ont oh 


and inudriv to algioning ot haw ei odd to odd 
If any of the members, #, of the frame not meeting joint a are , isolated (the 
joints which are met by t the frame assumed not to rotate), this member is <a 7 


(6) 
hata ad ° tes the 
which bf the member, 7, and yu; denotes the _ if 
| moment of inertia, has the value of 4 if the member, i, has its end { —_— 
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the forces, N%, are applied externally on the sections of the joints, 
each joint is in equilibrium under the action of these forces. - So long as" 
the systems of forces, N*, Q¢, and F*, ‘on each joint are in equilibrium, then, 
evidently, they are in equilibrium if | taken as a whole on all joints. oars ot 


order to determine the fixing force, Fe +1, the equilibrium of that 


system of forces is expressed by applying the principle of virtual work for the 


geometric displacements of the joints and members « of the frame belong-_ 


to (nt), The ‘equilibrium « of this total system of forces, and Fe 


cos or — (8) 


"positive shear with a positive displacement gives negative 


N*,, do not appear i in Eq. 8 because, being equal and opposite, they cancel _ 


-™ Ww work done » by each other. For the same reason, the work done by forces, 3 


the loints wat the i imaginary y rollers, II, IIL, -, are placed are perpeniclar 


a ‘-If in Eq. 8 the Q*,-forces are replaced by their values from Eqs. 7 and if 
ri is expressed : as a function « of 51, then F*; is determined from 


pated by » >: ca K + cit Kai (1 + ms) 


The factor, Tal, is the restraining { factor of joint a a of group I. 7 In the case, 


, the factors of 


order to compute the fixing forces, of 
_ the system of the forces is expressed, and the principle of the virtual work is 
applied for the virtual linear finite displacement of (nt), Thus, 
the restraining factors, va11, of groups II, III, --- can be 
Distribution Factors Due to Displacement:— —The frame shown in Fig. 7(a) 
2 mon be considered in which the i imaginary roller, I, is removed and the joint, 3 
a acted on by the force, Z;. In the deformation of the frame due to the — 


action of it is assumed that all the joints do not rotate. In thi n this case 


The fixing force, F*r, 1, is positive when it is parallel to, and in the — 

= as, the re scene of the joint from which the imaginary 
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of ony member, are determined by assuming that the member 
has its ends locked against ‘rotation but that these ends can translate relative i". 
_ to each other in a direction which is perpendicular to the original axis of the 
member, an amount equal to ba. Subsequently, the computation is given of a 
the moments, Mai, functions of the force, Zt. jo 
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of The wiuch express the eqaititriuw of the torsyoin 
‘The member may be isolated by two cuts at its ends and by the developed 
internal forces (Fig. 7(b)) which are applied there. The member, i, is in equi- 
_ librium under the action of these external forces. The shear forces, Q',; and a 
vei, Can be expressed as fi as functions of the moments, and by" 
af croup: the oom 
_ By cuts at their ends all the aetiliaite may be isolated, and, on their en end 
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: which are caused at the remaining imaginary roller restraints, I, III, - 
Zy. _ Forces Q, N, Z, and F, when acting on each joint, constitute systems of a 
‘.. va equilibrium and, consequently, when they are taken as a a whole they are - 


ov 


The equilibrium of the whole system of forces may be expressed by applying : | 


the principle of virtual work. — This may be « done by taking as the virtual dies 
eee of the joints the actual displacements caused on the locked joints 
by the removal of the imaginary roller, I, and by the action on the joint of Z;. 
™ relationships of the elastic movements of the joints are the same as in (n*). 
The equation expressing the equilibrium of foregoing system 1 of forces 
(using the principle of virtual work) is 
in which br is the elastic displacement of the joint ¢ on which Zr acts; Q';, 3 


to all members of group I. The forces, N‘;,---, and F'y;, do 
ae appear in Eq. 13 for the same reasons that were cited with reference to Eq. 8. ba 
, The shear force, A, can be computed by means of Eq. 12 as a function of 


by the diagram of virtual displacements; and >”, the gummation ‘extended 


moments, M!,; and M!,,. moments, Me and M! of any member, 


which Mes end are constants which depend o on the geometric 


o 


_ istics of the member which is connected to joint a and joint. C. _ The constants, 
aNd Uciy are the stiffness factors of the member. For a with both 


ted 
they pr of the y viek 
in Eq. 12, M 12, M*,; and id ar are e replaced byt their values from m Eqs. | 14, 
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18, is replaced by its value from ‘Eq. AFE Yo 


which the summation, applies to all members, z, of group I. 


After the determination of the elastic displacement, 51, the moment, M';,, cn 
at the end section of any member, 1, meeting is by replacing 
in Eq. 14 with its value from 18. 


— (wai + we. 


The factors, are distribution factors due ‘to displacement. For 


which the summation, extends to all members of | group I. In the 


_ same way, one can determine the distribution factors due to displacement of 
‘Shear Factors. —When ‘the j imaginary roller’ restraint, I, is re- 


and the force, Zi, is applied at that joint, the forces, Phin, 
7(a)), are caused on the remaining rollers, Il, III, SAT $i. sil pin 
determining F'11, the equilibrium of the total system of the forces, 


| 


the virtual geometric displacements of the joints and members of the frame are 


those of (n™). The equation which expresses the equilibrium of the foregoing — 


in which I is the viral of the joint at Il; is a constant 


referring: to the member, i, of group II; Q!; is the constant shear force in any 
member, and the summation to members, of 
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and F', i is expressed by applying the principle of virtual work in which 
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The as a function of the computed: moment, 
afl 


Ponetilyle 


to 


Treg 


the case of angles, = and = 0°, Eq. 27 becomes 


factor, m!1, is the shear carry-over factor. onl: + hae 


forces, F111, --+, are determined in the same manner 
principle of virtual te virtual displacements of wT 


Rectangular Frames.—The foregoing restraining factors, distribution factors 
due to displacement, and shear carry-over factors have a simple form in the 
case of rectangular frames. In drawing the virtual-displacement diagram it is 

assumed that the section of the frame, above the imaginary roller which has 


been removed, moves w ithout any elastic deformations (Fig. 8). For the case 
209 11 
6 are all equal in the 


of a a rectangular frame, the | displacements, Sitt, 
columns and they are all equal to zero in the beams. laittiv odd at ai 


the of virtual work, the following factors 
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in w hich ods, isi 9¢ Lie fla de oult guiwollo’ 


work, 


it must be remembered that the computed fore, Fen III, also performs work 


because of of the displacement of the joint on it acts. 


at (1 + Mt) ind (1 + 


«(820 
distribution factors to displacement take the { followimg simple 
(33) 


ape ped 
a 


For of rectangular frames. (Fe. 8), the shear carry-ov -over factor for 


my = MU yy = = 

a Re of Computations. —The computations of the successive approxi- 
mations can be arranged in tables as the writer has shown. These tables are 

+. Bains 1 so that the distribution of the moments at each joint i is effected. Bs 

- Listed at the top of the tables to be cited subsequently are the joints, ‘the | 

meeting at these joints, the distribution factors, the restraining 

- factors, and the distribution factors due to displacement. — ~The results of the 
moment distributions are placed i in the corresponding columns for tl the joints. “ie 
a. Following the distribution of moments at each joint, the moments at the 
end section of each member are totaled; the moments resulting from the dis- 

tribution are v written in a rectangle it in the corresponding col column n so that the © 

The fixing forees, F1, F11, are in the last columns to the right: After 

moment, M, has been distributed at each joint, the moment, M, is 

"multiplied by the corresponding restraining factor, for that joint. The 


_ results are then written in the columns to the ‘Tight in which the fixing forces 
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- Dellowing the di distribution at all joints, all the figures i in the Ps-cahiaids are 
at added to obtain the fixing force. This force (with a changed sign) is multiplied — i 
Gi by the factors, q',;, and are noted in the column corresponding to each 
joint. Then, the force is tmaultiplied by the factors, m!i1, m'111, «++, to deter- 
mine e the fixing forces, These products are noted in ‘the corre- 
sponding columns for F11, Fiji -, and the same process is repeated in turn 
for the remaining fixing forces, Pit, m to 
After all the distributions have been completed, the £ final ‘moments 


Malet by adding the relative moments which are in the r rectangles. ne 


“aj 


is felt that the for computing frames by successive 
approximations has the following advantages: 


: ma 1. In some cases the method may be quicker than the method developed 
ina ad Hardy Cross,? Hon. M. ASCE. Cite 


2 . Depending on the form of the structure and on the wainiies to be — 


im, in construction (steel or reinforced concrete), it is possible to determine the 


a 


acy in the computations doe oes not afi affect the final section ‘name of 


In the. examples cited herein the advantages of this dltbhit for solv ie rigid. 


ioe? Application,— —The bending- moment diagram of frame shown ‘in Fig 
10(@) is required. . The given conditions are q= = 2.0 kips per ft; I, = = 1.5 | re 


4 Ts = hy = = Is => 1411; Is = 0.8 Nh; Ty = 14 hy Is => Nh; h = = = 
4.00 ft; = 7.00 ft; = = 5.38 ft;and=5.50f 
‘Wiesrane. of V irtual Diaplasements (Figs. 10(b) and 10(c)) 


‘Continuous Frames of Reinforced Concrete,” by H. Gos N. Meagan, John Wiley & 
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= er = = Cal = 0 0. (00. LE) (8 
= Catt =ca1 = 0; car = + 
cr = 1.00; ont = = 0; 
Pactore—Ioint e.— 
hea = 1.857— = 0.538; 4 
=0. 857 ha = = 0.462. 
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1.020 = 0.50 


= 1.000 hy 0.495. 
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_@) (0. 245) (3) (1 (0.360) 
(1. 342) 500). (3) ( .342) (0. 50) 
6.38) 


1 1g. (8) (1.342) (0.364). 0186; 4 4 


5.38 
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0 
= = 0; 8) 360) (1.342) (0 360) (1 342) = + 0. 135; » to 


(0. (1 342) (3) (0.280) (1) 

(3) (0.495) 186, 


‘Using Table 1 the following factors may may be determined: ‘= pap 

atind. ‘TABLE 1 Abia 
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own in Table 2. Ai 3 
The nein diagram of the frame shown in Fig. 11 is required. — 
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> 
The successive approximations and the of the are 


a The > bending-moment dia, diagram of the frame show thaiaes shown i in F ‘ig. 12 is 
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ia Paper No. 2893 ar roghes Were, 


TRANSPORT HELICOPTER COST AND 


HELIBORT CONSIDERATIONS 


1953, the has been the. considerable com- 


mercial interest because of its possible use | in scheduled short-haul air transport 
operations. One of the greatest growth potentials for the air - transport indus- 
_ try lies in this so-called “‘mass short-haul air travel market.’ ’ To date (1956), 
" this market has been n tapped only slightly by certified local-service sirlines 
he which, for the most part, operate DC-3 equipment over route segments. 3. This 
- is an operation for which the helicopter was not originally designed. _ Economic 
high p passenger potential provided the time saving ove over pr travel wel were ap- : 
po 
The development of the transport helicopter may be the solution to the 
; short-haul l air transport problem because of this aircraft’ S efficiency over er the 
typical short-haul route segment and the fact that it wastes little time in taxi- 
* ing, landing, and taking off—important time considerations in short-haul air- 
__ cartier op yperation. The development of helicopter air + transportation i is closely 
’ related to the availability of well-designed heliports both in the downtown 
_ metropolitan areas and in the rural communities which the machines will serve: ; 
_ The civil engineers responsible for the planning, design, and erection of all a 
 heliports and heliport facilities will indirectly, but quite decisively, determine — 


_ the date when the transport helicopter will be in large-scale commercial service. | 


y Paced — Nore. —Published, essentially as printed here, in August, 1955, as Proceedings Paper 778. Positions Pe 
and titles given are those in effect when the paper was approved for publication in Transactions, — 4 ; 


ttt Mgr., Research Dept., Hiller Palo Alto, Calif. 
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_ This paper considers the development—past, present, future—of the tians- 

helicopter and the rapid incorporation of this machine in the existing air 

design 
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Present.—At the present time, only 
i  heliocopters in production in the United States: The 8-55, a 7-passenger or 
8-passenger light (Fig. the model 12-B, a 2-passenger or 
g. 1(b)); and the model 47, a 2-place 

wiility machine (Fig. 1(c)). > rad 


he 


ob ~lovisiosh Mivp Hid Hive erodiied 
The 8-55 is the only transport type of helicopter i in commercial service and — 
is used by a air carriers in Los Angeles (Calif. ) and in New York (N. Y.). These : 


q 
| 
= Board, United States Department of Commerce (CAB), 


and do not engage in ventures but in 
sidized learning operations for the purpose of developing the necessary opera- 
tional techniques involved in helicopter transport operations. In addition to 
a carriers, a local-service airline in upstate New York and a well-known east 


- coast trunk line carrier have purchased a S- 55 helicopter for treater oe 


‘The model 47 utility type of helicopter is used only by one CAB-certified 
a carrier operation i in the United States; this company operates a fleet of six” 
_ model 47 helicopters in an as yet experimental, inter- post-office-to-urban- ~area 


4 


ts 
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airmail operation. The model 47 helicopter also i is used in areas in 
The model 12-B utility type of helicopter i is used in many countries in activ i- 
ties ranging from tree seeding, | crop dusting, « casualty rescue, and whale scout-_ 
ing to landing Santa Claus in downtown areas for the opening of the Christmas _ 7 
Season. Four model 12-B helicopters are being used in charter passenger- 
“carrying operations in Manila (Philippine Islands) ; others are being used in 
crop seeding and dusting operations in Asia and Europ. 
_ Future.—Two large transport helicopters which might be developed for 
commercial operation are the 35-passenger S-56 (Fig. 1(d)) ¢ and the 45-passen- 
ger 16 1(e)). The 56 i is going into military and the 
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AS 
in flight test (as of 1956). Both « of these aircraft are and 


_ Performance and Weight Daia. —Table 1 and Fig. 3 list the range, cruise | 

- speed, gross weight, and payload of the particular models mentioned i in the fore- 
‘PABLE 1.—ApproximaTe HELICOPTER WEIGHT ANDO 


Model Range, in miles in Gross w Passenger 


 perhour poun capacity wi 


Utility 
Utility 


120-150 
a 


going, as well asa possible time-sequence chart for their commercial-operation — 
starting dates. sit should be emphasized, however, that Fig. 3 is based on 
hy pothetical data which are presented only as rough eatisagges of future dates — 

_ when these aircraft may appear in commercial operation. It may be noted 
from Table 1 that the newer and larger helicopters will cruise at considerably 

higher speeds than those in present operation, = 

Cruise Speeds « and Design : Types. —For reasons i inherent i in rotary-wing aire 

craft design, a “pure’ bs helicopter is limited to speeds probably not exceeding — 
150 miles per he. However, if a short wing is added, this can be 


increased. 
a 
ew improve 


= 


* then becomes as a and not as a pure helicopter, 


| 3 | 

tilized for commercial service. 5 
a e transport helicopters u 

— 

— 

as any transport airplane. All these types are 

ae oF - eruise speeds as high as any transpor However, it seems quite safe to assu ‘ 

developed for'use by the armed force n to become operational wil 
transport configuration to become f this type of he 
that the first tran stub-wing version 


= and vertical take-off to for com- ia 
mercial service is an undertaking for the future that will require a considerable _ - 
_ period of initial experimentation. If and when such airplanes are developed 
a and are put into commercial service, they will not necessarily cause the pure a 
helicopter or the stub-wing configuration to become obsolete. pure heli- 
_ copter or stub-wing configuration in all probability will still offer the most 
efficient service on a certain part of the short-haul routes. The converti- plane — 
aircraft will merely expand the possibilities for the air transport business in 
‘J -200-mile to 700-mile long operations. 
- a For purposes of this paper, therefore, the emphasis will be 2 assumed to be | 
on the pure helicopoter or the stub-wing version of it. _ However, by slight 
‘ __ extension of some remarks, the material could be assumed to apply equally io 


o types of aircraft capable of hovering or motionless performance. = 


 Opgratine Costs 


‘The development of any helicopter i involves many specialists i in the mals a 
sciences—such as in aerodyi namics, ‘structural analysis, mechanical 
"namics, design, and testing—in the painstaking task of devising a suitable de- > 
sign. Then, another team of manufacturing specialists combines its talents 7 
to produce the design D. However, although many problems do exist in the de- 


velopment. of a large transport helicopter, present knowledge would indicate 7 

_ that they can be solved and that such machines are re quite likely to be in com- | 
_ mercial operation in the near future. ~ For this r reason, no attempt will be made _ 
a; to discuss any of the many design and development problems associated _ 
with the creation of a transport helicopter, and only those main points w! which © 


will most directly affect its commercial use will be highlighted. 
Breakdown. —The operating-cost analysis of a commercial transport 
helicopter i is similar to the > type used i in fixed- -wing studies. The direct cost as — a 7 


usually computed involves: (1) Flight operati s, (2) maintenance, and (3) - 
_ depreciation. The flight-operations cost will usually reflect the funds spent i 
Pa the crew, fuel and oil, training, and insurance. The maintenance cost con- _ 


sists of the total material and direct labor costs erie in ‘maintaining all the —_ 


beakiown merely allows for the write-off of the =o li price of the article. 
“ni ‘The various trends in the direct operating cost as opposed to the range, work © 
capacity, and utilization found from the results of a number of cost analyses i 
on a number of wenoeed assumed designs are important to consider at thie 
Definition of Terms. « examining these trends, howeves, it might be 
well first to define two terms which are used most frequently: (1) Work capac- ey oe, 
ity, which i is the product of the payload times the block speed, a and which — 


(2) block speed; which represents the average speed from take-off to aading) 
"and which is found by dividing the range or trip length by the sum of the time-_ t 


to-eruise, the time- descend, and the time-to-maneuver. 


may __ will then be developed in a relatively short time at relatively smallexpense and 4 . 
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Speed ig. plot of block speed, Ve, versus 


‘Transport Helicopter Time-Saving Potential—To compare transport 


travel times with travel times, a of mis- 


WITH TRIP LENGTH inf! 


‘is a time to airport is assumed as 30 min 


each way f for the airplane and 10 min for the helicopter, Fig. 4(6) may be drawn. 
‘Fig. 4(0) presents the ratio of helicopter over-all time to airplane over-all time — 
for the DC-3 ~~ speed of 170 miles per hr) and the 150-mile-per-hr cr cruis- 


_ quired by the airplane. Fig. 4 reveals that appreciable time saving is possible — 
even for trip lengths of 200 miles. However, it must be noted that the travel 
tm (10 min) between the city center and the heliport assumed a heliport in a 
_ close-in downtown location. The time saving made possible by close-in loca-— 
_ tions is one of the main reasons that the transport helicopter h has much to offer 


me 3 as the trip length increases, the block speed approaches asymptotically the zm 
ee = = cruise speed and that, as the trip length becomes very short, the climb-and- =|, ' 
maneuver times become predominant and the block speed falls off rapidly. 
These same trends also appear in the case of fixed-wing aircraft, except that 
| 
a 
te 
| 3 1 
7 
transport a passenger from one city center to another in one-half the time re- 


Effects of Work Cenecity: Trip: Length. —Fis ig. bis is a pemmentation of 
operating cost versus work capacity, trip length, and utilization. Fig. 5(a) 
designates yearly utilizations of 1, 0001 hr per yr, 2 2, 000 hr per yr, and 3, 000 hr per 
ae between 450 ton-miles per hr and 500 ton-miles per hr. Fora 130-mile-_ 
j _ per-hr cruise speed, this corresponds to a payload of from 35 passengers to 40 ~ 
q passengers. Obviously, the greater the yearly utilization, the lower the mini- 
4 mum point because the depreciation cost ant portions of the ineurence eal , 
are on an annual basis. — "Siw ata ay wha be 
Fig. 5(b). direct cost is compared with trip length,and it may 
_be seen that a minimum point occurs at about 200 miles for the 10- socal 


Symbols are for 
N Ali others are 3000 hr/ yr tiv AO passenger 
lization: = 2000 hr/yr — 


Utilization = 3000 hr/ yr 10 arena a 


100 200 300 400 500, 2000 3000 
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Fra. 5.—Errecr oF Vartous Factors on Drrect Oreratine Coors 


_ value merely indicates that the trip length for minimum operating cost occurs: 


4 at the design r range of the aircraft. Because the three helicopters considered in 
z constructing Fig. 5(6) were ali of 200-mile design range, their operating cost _ 


= 


= 8 became minimized at that point. a! This, of ‘course, 8 assumes 


18 no addi- 


‘& ‘tional pay load can be carried because of reduced fuel weight. Cargo versions - 


of these same helicopters might operate even more economically on a 75-mile 


Effect of Utilization. — 
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vel pi = ollers & signi icant ime saving over the ane in engths or up to 7 
| mately 250 miles, most of the transport helicopters which become commercially 
‘“ available will carry their design-point payload at from 200 miles to 250 miles and pa ~ 
| epics operating cost versus yearly 
u lizauion tor the 1U-passenger, 20-passenger, and 35-passenger equipment. It = 


ae 
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ean be men that 3,000 hr per yr is a goal toward which every operator would 
in the airplane industry. _ However » high utilizations of 

loeal-service operations—for instance, railroads and bus lines—have always 
_ been extremely difficult, if not impossible, to obtain, 
In agreement with the fact that the transport helicopter will probably oper-— 
a; ate most efficiently over a 200-mile trip but will also be reasonably economical 
over much shorter distances, entire fleet studies on selected air carrier routes” 
indicated yearly utilizations of from 2,500 hr per yr to 2,700 hr per yr. These > 
figures are impressive to economists faced with the > operation of aircraft having | 


a break-even trip length of 400 miles over ‘7-aile to 100-mile lengths: with a 


operating- -cost data i in 1 Fig. 5 is on past 
and indicates minimum operating cost of approximately 50 cents per ton-mile. | 
~wing transport aircraft display minimum operating costs of about 60% 
of this value for trip lengths considerably g greater than 200 miles or 250 miles. ; 
% However, when used over a 50-mile distance or a 100-mile distance, the trans- 
port airplane proves to be a very expensive means of transportation. 1h oe 
‘The high 1 operating costs « of helicopters are attributed mo ostly to 
= ance expenses. The maintenance cost of any type of aircraft is closely related 
a to the stage to which design of that aircraft has advanced. — Because helicopter 4 
air-frame design and manufacture is advancing rapidly, minimum operating 
a Aa cost probably will be considerably closer to fixed-wing minimum costs in the i 
future than at present. ~ However, these ‘helicopter costs will not become as low ; 
the fixed-wing minimum costs simply because the helicopter is not asa 
dynamically efficient in moving horizontally as the airplane. 
summary of the facts found: from considering the the operating-cost trends, 


1. The transport helicopter will ‘provide significant time ¢ savings 0 over the 
; 7 erpienl local service airplane operation to trip lengths of as much as 250 miles i 


are provided ir in downtown centers. 


2. These transports, to o be most efficient, will have a passenger capacity of 


The t transport helicopters i in commercial ¢ operation will p probably | hav re 
=) ets ranges | of between 200 miles and 250 miles and will be able to operate 


4. Due to their versatility, these transports will probably realize ‘yearly 
much higher than those n now found in local-service airplane opera-_ 


 §. The minimum operating cost per ton-mile for the transport helicopter 
will always be greater than the minimum cost f or the transport airplane. | = 


or: 


for ‘the short-h 


~ motionless and rise vertically in take-off—and herein lies the predominant © 


for its and | suggested use in air carrier operations—it re: requires 


Transport Helicopter + Performance It tems.—Because the can hover 
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only relatively small landing and take-off areas; in the United States these areas as 
are termed “‘heliports’’ and in Great Britain, “rotor stations.” However, the — 
design of even such small landing areas must be such as to assure the safety « of : 
“not only the p passengers s and cargo within the helicopter, but also the personnel — 
and property near the heliport. 
ot _ Helicopter Power Curves.—In order to understand the hovering and vertical — 
_ performance e characteristics of the » helicopter, it. is advisable to consider its 


variation with forward flight speed. Fig. 6 represents a ty pical 


_ power available versus forward flight speed for two multiple-engine helicopters 7 7 


..: advanced design. It is evident from this that the helicopter requires its — 


7 


greatest power while hovering. One machine, A, utilizes reciprocating-type _ 
— plants « and is designed more in neeordance with past design philosophy | 


Maximum power available with 


q 


past design with |___ 


4 


= 


power required for 
future very clean ae 
with turbine engines 


that it exhibits a rather high ‘power loading. The other B, is 
designed around turbine power plants and has a relatively low-design power _ 


mt It may be seen that helicopter A, the reciprocating type with Aerie 
loading, cannot hover with only one of its four engines in working condition, | 
but must attain a speed of approximately 12 miles per hr before safe level - 
Be can be realized. ‘4 Helicopter B, on the other hand, can hover with one 
- engine inoperative. In Fig. 6 is emphasized the fact that future ‘transport — 
4 helicopters will probably display one-engine-out. performance \ which will permit 
3 ‘safe operation from smaller heliports.§ = = 
i Take-Off Path and Heliport Length Requirements.—Although it is far too. 
early in the development of the transport helicopter for detailed predictions of yi 
- future take-off patterns, it is permissable to generalize that, in the operation of a z 
possessing one-engine-out ability, an n almost 


take-off-power available 
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vertical take-off will not edly be possible but should also be quite safe. — 
engine failure were experienced, adequate power would still exist and no a 
difficulty would be involved in bringing the aircraft safely back to the ground. 
Obviously, this would not be true for the machine displaying less than -one- 
engine-out hovering performance. In the case of the latter, acceleration to the 
minimum one-engine-out flight speed would be required before any form of 
A powered flight could continue after an engine failure. _ This naturally would 
require a larger heliport length to allow for a safe autorotational landing i in the 
event that an engine failure occurred before the minimum one-engine-out — 


Fig. 7 presents the estimated flight paths of the two performance types. ve 
ad It may be noted that the higher-performance machine can climb vertically and a 
a! 


then accelerate a speed while in climb. 3 Should an engine failure failure “4 


NOT POSSESSING ONE-ENGINE-OUT 


-engine- -out flight path 


Take-off and off and  Qver-run area 


the general path co be executed ‘except that the climb 


rate would be lower. Of course, the machine could execute a vertical landing © 
after ‘single-engine failure, if so desired. 

r-performance helicopter, not being. able to ‘maintain hovering 

ay flight after an engine failure, must follow one of two courses in such a circum-— 
if ‘single-engine flight speed were obtained prior to the failure, 
the flight path shown from point A (Fig. 7(b)) would be possible. If the failure 
were to occur before point A was reached, an autorotative landing on an over-— 
Tun area adjacent t to the heliport would be necessary. Liem 4 ninkie ated id 
The size of an overrun area depends" on the 


ce suffice for all twin-engined machines that might be used in commercial =< 
7: These dimensions are presented herein only a as an aid for planning purposes” 


very few ‘positive: statements are possible without previous opera- 


tional experience. The” dimensions” “given*should certainly ‘be be more than ade- 
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> _area has been generally considered adequate. The minimum area required for 
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quate for the helicopters now in operation, and because the sksaninentl prot 
ably bring equipment that will enable improved hovering performance the 
- _ dimensions of heliport size ultimately will decrease. Even so, it is far better to 


for more een the required space for too little This trend i in 


all Other: “Heliport —Although heliport sites abt be. dein to 
= the aircraft to be most effective, the areas selected should be as free as _ 
possible from high obstructions in the approach area to provide for maximum _ 


flight safety and should be located where the noise levels will cause the least }° 
_ public annoyance. Access to surface transportation should also be considered 7 


Summary of Heliport Requirements. —From what has been outlined cai 


ously, the followi ving points may be summarized BASCE 


fc 


The t twin- engined helicopters that that will be commercially operated will 
probably r not possess single-engine hovering capabilities ‘and will therefore : 
:- “_ cleared, overrun areas adjacent to the heliport landings and take-off mats. - 
~ cae 2. The heliport landing approach areas should be as free as possible from 
high obstructions and should be selected so as to create the least noise nui- 
i sance. The heliports themselves should be as close as possible to downtown | a 7 
Because of the incorporation of multiple and more suitable power plants 
and lower-design power loadings, the size requirement of heliport areas will — 
E probably decrease as larger and heavier panchines become available, i will 
allow one- -engine-out hovering performance. 
Bahk fitinte in the Conciusions thar 


a Only the highlights « of those. items s which will affect the pecan use se of the 


but it is believed that operating ‘cost and heliports a are the most sig- 
nificant factors to be considered in the commercial acceptance of the vehicle. __ ° 
major facts and predictions of operating-cost trends and of heliport 
for future transport helicopters have been presented in the hope 

that such data will aid in the long-range planning for what will probably be a 


transportation mi medium of the not too distant 


ion and Metropolitan Helicopter Services, ” B 


——) by Aviation Securities Committee of the Investment Bankers Assn. of | ie 
New York, N. Y., on, Po 
“Heliport Location and 


— 
5 
— 
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Lapin, Inst. of Transportation ‘and +> ‘Univ. of 
x (4) “Preliminary Report on the Use of Helicopters in Scheduled Airline 
xa Operation,” by The Committee on Helicopters, Air Transport Assn. of 
7 ) “The Helicpoter—A Blueprint of Change in Airport Planning Standards,” 
by L. Welch Pogue and Grahame H. Aldrich, Helicopter Council of the 
Aireraft Industries Assn. of America, Washington, D.C., 1954. 
(6) “Transportation by Helicopter—1955-1975,” by Grahame H. Aldrich, — 
L. Hart, Joseph D. McGoldrick, and Lewis C. Sorrell, ‘Dept. 
berg _ Aviation, The Port of New York Authority, _ York, N. Y., May, 
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ee River levees between Alton (Ill. 1.) and Gale (iil.) and of the pro- 


“ = used to design seepage-control measures. The paper includes: (1) A 
he — of the investigations conducted ; ; (2) the methods ues to control 


, ~ 


River have as result of sand boils and subsurface piping. 
. Sn Prior to 1938, ‘many of the levees along the Mississippi River in the St. 

Louis (Mo.) District, Corps of Engineers, United States Department of the ‘ae 
_ Army, were below project-flood grade, and only relatively low heads could be | 3 - 
developed against them. Although some underseepage had been nats rl me 
along these levees , only minor problems had occurred, mainly because of thelow _ a 


— height of the levees. _ By authority of the Flood Control Acts of 1936 and 1938, 4 
; the St. Louis District initiated a program to complete the levee systems and to 
a raise the grade of existing levees so that they could withstand the project flood. . 7 
- Approximately 90% of this | program was accomplished by 1955. A plan of co 
the present levee systems along the Mississippi River from Alton (Ill.) to Gale 
(Ii) is shown in Fig. 1. The increased height of the levees, however, has" 


iad Nore.—Published, essentially as printed here, in January, 1956, as Proceedings Paper 864. Positions a 
and titles given are those in effect when the paper was approved for publication in Transactions. 


Asst. Chief, Embankment and Foundation Branch, Soils Div., Waterways Experiment ¥ 


a. Chief, Design and Analytical Section, Embankment and Deuntatin Branch, Soils Div., Waterways 
Experiment Station, Vicksburg, Miss. 
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seription of the construction procedures used to install the control measures. 
— 
seepage beneath the levees along the river has always posed a serious problem 
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_UNDERSEEP PAGE 


as s considerable head can now be developed against the levees, their safety 
against underseepage has become questionable. 
de _ Although it ; was s realized that underseepage would be a a - problem along the 
= in the design of the new levees. Following the 1951 and 1952 floods in n the 
Omaha (Nebr.) and Kansas City (Mo.) Districts, the Office of the Chief of a 
Engineers and the St. Louis District requested that the. Waterways Experiment | = 
_ §$tation, Corps of Engineers, United States Department of the Army, make a — 
_ cotaprehensive investigation of the seepage problem along the new levee system ] a 
and design the necessary control measures. This investigation was initiated ; 
in October, 1952, and was essentially completed by June, 1955. Approximately — 
- 70% of the control measures indicated by these studies have been completed | 
(a8 of 1955), and considerable additional work is under contract. 
elies ual coobne ofS bue ov 4 nit Got see 


DEVELOPMENT oF UNDERSEEPAGE AND Sanp Bots 


_ Whenever a levee is subjected to a differential hydrostatic head of water, 
a8 a result of river stages being higher than the adjacent land, seepage enters the " 
pervious eubstratum beneath the levee through the bed of the river, and — 


and sand-boil areas 


— 8 


‘through borrow pits and/or through the riverside top stratum, 

seepage creates an artesian head and hydraulic” gradient in the 

stratum under the levee, _ ‘The ‘gradient, in turn, causes a flow of seepage be- 

_ neath and landward of the ‘levee (Fig. 2). The seepage from the previous sub- ; 

stratum which emerges at or landward of. the levee toe is generally termed 
under Jerseepage. Concentrated underseepage which carries sand up to the 
through an open channel in the top stratum is called a sand boil. Piping is the 7 

active erosion of sand or other soil from below the ground surface which occurs — 

result of substratum pressure and the concentration of seepage localized 

If the hydrostatic ‘pressure in the pervious substratum landward of a lev 
Priia greater than the submerged weight of the top stratum, the excess pre - 
, “sure > will cause heaving of the top blanket, or will cause it to rupture at one or 
more weak spots with a resulting concentration of ‘Seepage flow in the form of 
sand boils. Where the foundation n and top strata ar are heterogeneous it in. char- 
5 acter, as is the case, seepage tends to appear rat localized spate instead 7 
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_ UNDERSEEPAGE © - 
The hydraulic gradient required to cause heaving i is called “the critical 
ee hydraulic gradient."" This gradient is the ratio of the submerged unit weight 
~ of the soil to the unit weight of water and is usually approximately 0.85. Any _ 
c tendency for the hydraulic gradient to increase above the critical gradient 
4 causes additional sand boils or increased percolation. In nature, high exit 
_ gradients and concentrations of seepage are usually found along the landside - 
toe of the levee, at thin or weak spots in the top stratum, and adjacent to clay- 
Where seepage is concentrated to the extent that it turbulent flow, 
the flow causes erosion in the top stratum and causes the development of a 
~ channel i in the underlying silts and fine sands which frequently exist immedi- 
ately below the base of the top stratum. _ As the channel increases in size or 
_ length, or in both, the concentration of flow into the channel becomes progres-_ 
4 _ sively greater, as does the tendency for erosion to occur beneath the levee. 
- This is especially true if the top stratum is cohesive and the underlying soils are 
« susceptible to erosion. Shrinkage cracks, root holes, and holes dug by man or 
by animals form channels in the top stratum susceptible to the development of | 
localized flows and attendant piping. Not only i is underseepage a hazard from 
y the standpoint of underground erosion, but it also may saturate the landside __ 
— slope of a levee and reduce its stability to such an extent that the slope may « 
‘slough with dangers to the 


Detailed geological : 1 studies « of several sites along the levees in the AOR, 

- Mississippi | Valley where underseepage had been a problem during p previous | 
high waters show a definite correlation between the distribution of alluvial 
deposits of sand, silt, and clay and d the location and occurrence of f underseepage 

sand boils. T hus, before it was possible to make an intelligent i investiga- 
- _ tion of underseepage and to design control measures, an understanding of the 

, alluy ial fill in the Upper Mississippi Valley from Alton to Gale was necessary. _ = 

| The geological studies made for this project included field reconnaissances, _ 

studies of aerial mosaics, and a review of boring logs. 


A few miles south of St. Louis, the Mississippi River cuts across an eastward + 
ettheaion of the Ozark Plateaus and, for a distance of approximately 100 miles, 
q it flows in a narrow 3-miles-to- 10-miles-wide, rock-walled, alluviated valley i in- 

- 9 cised in ancient bedrock composed predominately of limestone. The river : 
emerges from the plateaus through a narrow gorge called Thebes Gap into the 
broad Lower Mississippi Valley. The depth of the alluvial deposits in the 
St. Louis District is variable, ranging approximately from 75 ft to 200 ft with 

In general, the river is adjacent to the bluffs on the Missouri side, with ‘the 

‘floodplain east of the river in the State of Illinois. __ Tributary streams originate 

in the bluffs on the east, flow through the floodplain, and empty into the & 

_ Mississippi River at frequent intervals betw een Alton and Gale. - The levee 
system on the left bank in this area consists of levees which originate at the 
bluff, run parallel to the tributary streams toward the Mississippi River, ‘and 


then along the Mississippi Riv rer to the next tributary stream (Fig. 1) ‘Thus, aa 
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“the alluvial al valley i is subdivided into small areas, own 


« 


Melting of the glaciers during late or postglacial times the éhtreniched 
valley to become filled with a series of sandy gravels, sands, silts, and clays, 
which can be grouped into two broad units: (1) A sand and gravel substratum | 

and (2) a fine-grained top stratum. 

‘The Pervious Substratum.—During the gradual ri rise of sea level whic! ace 

companied the final retreat of glacial ice, the Mississippi River became an we 
loaded, braided stream in which large quantities of gravel-bearing sands were 
By deposited. As the sea level continued to rise and the deposits on the entrenched — 
valley floor continued to thicken, stream slopes ¥ were progressively ce and 


creased. The gravel-bearing sands were succeeded by coarse sands 
upward into progressively finer materials and terminating in deposits of very = 
fine sand. This upward gradation from coarse to fine materials reflects the __ 
gradual adjustment | between the transporting capacity of the river and the t: 
available load. Fine to very fine sands were not deposited until the sea level 
_ had essentially reached its present stand and the river had begun to change _ ’ 
a braided to a meandering stream. substratum sands are quite 

perv ious and have a high darting capacity, will be ‘subsequently 


sa The Top Stratum -—The predominantly fine-grained, top-stratum ma 


terial 
was s deposited by the Mississippi River as it meandered across the floodplain. 
_ Meander-belt deposits are characterized by marked lateral and vertical dis- 


of primary importance in the localization of and the 
‘design of control measures. _ Meander-belt deposits may be grouped as: (1) a! 
Point bar, @) channel fill, (3) natural levee, and (4) backswamp. ~ Such de- 

posits can usually be identified in the field and on aerial mosaics. ROCs Sp Te 

- Point-Bar Deposits.—As the radii of meander loops increase by erosion, — 
_ deposition occurs on the inside bank where low sandy ridges are built up with 
intervening, elongated depressions which usually become filled with fine-grained — 
- deposits. Ridges and swales formed in this manner are known as point bars. 
Long sandy ridges, separated by clay-filled and silt-filled depressions which 
approximately parallel the margins of former river courses, are also 
istic of shifting river valleys and are especially common in the St. Louis District. a 
: _ These features appear to have been formed in migrating channels rather than — 
. :- points and might well be referred to as channel bars and slough fillings. : 
The upper part of these ridge and swale deposits i is usually covered with clayey 
: silts and silty clays which are deposited during gradual migration of the river 
channel from its former banks. Normally th the slough fillings are approximately 


from 10 ft to 20 ft deep. sore ai 
_ Channel-Fill Deposits—When the river abandons its former course as a 


5 raul of a cutoff, the central and lower parts of the old cutoff channel ae 

. become filled with silts and clays which are relat ively impermeable. Such 4 
deposits in the area studied may be from 40 ft to 80 ft deep. 
Natural Levees.— When the river overflows its banks, the water spreac 


; : its wolopity i is reduced, and ‘some of its sedimentary load i is deposited. 
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- = a 
manner, long ridges known as natural levees are formed on the outside 
meander loops and along both banks in straight reaches. Natural levee. de- 
posits found in the Upper Mississippi Valley appear to be predominantly sandy, 
4 approximately 5 ft high, and seldom more than 200 yd wide. — Clearly « distinct 
natural levees are relatively rare in the St. Louis District. 8 
Backswamp Deposits.—Low-lying areas on the landside of natural levees 
_ are known as backswamps. _ These areas receive only quiet floodwaters and, 
as a result, the sediments deposited consist of fairly uniform silts and clays. 
Backsw amp deposits create an almost impervious block to the emergence of 
; subsurface seepage. There do not appear to be many, if any, true backswamp © 
in the St. Louis District; however, some thick clay top-stratum de- 
"posits resembling backswamp deposits were found adjacent to the valley seme 
fects of Alluvial Deposits. —The emergence of seepage landward of a loves 
is influenced by: (1) Configuration of geological features, such as swale. fillings — 


ty 
Sand boils 


by 


and channel fillings, a and their alinement relative to the levee ; (2) characteris- 4 
tics and thickness of the top stratum; (3) cracks or fissures formed by dryi ing 
_ and other natural causes; (4) borrow pits, post holes, seismic shot holes, ditches x 


and other works of man; and (5) decay of roots, uprooting of trees, animal bur- 


‘TOWS, crayfish | holes, and other organic agencies. severity of 


features | in that area. The greatest concentration of seepage always occurs — 


along: the edges of swales and the landside lev vee toe (Fig. 3). iy 


An An extensive fi field investigation was made to ascertain the pee for under-— f 
"seepage control measures and to obtain data on which to base their design. 

investigations consisted of reconnaissance of all areas 
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e the levees, t the study of aerial 1 mosaics, » an intensive boring program, ageophy: si- 
, cal investigation to determine the » depth of the alluvial valley, and field pump- 
‘Field Reconnaissance.- —Field_ econnaissances were made along the 
for the purpose of noting features 8 appearing on the ground surface that might — 
affect the underseepage problem. The presence of geological features such ri 
_ swales and sloughs and their orientation with respect to the levee were noted. 
‘The locations and extent of man-made features such as drainage ditches, on 
borrow pits were ascertained. The layout of new borings, made in 
‘the o office on ‘the basis of available soils data, | levee heights, and a study of aerial _ 
mosaics, was checked in the field to insure adequate exploration of those 
features which would affect the underseepage problem and the design of — 
measures. The condition and | depths of Tiverside borrow pits also were noted. h 
Aerial Mosaics and M aps. —Because there were complete maps of the 
new levee system available to which the new borings, piezometers, and control — 
“Measures could be referenced, a new folio of photomaps was prepared, showing © 
all the Mississippi River and flood-control works in the These 
new maps will be used during flood-control operations and to record under- 
seepage observations during future floods. 
ay: Boring Program.- —At the beginning of the inv estigation the existing ‘ies 
information was reviewed | and a boring program planned to delineate soil 
conditions more precisely in potentially critical areas. Shallow borings to | 
, define the the character and thickness of the top stratum along the landside toe of | 
‘the levees were located on approximately 200-ft to 250-ft centers and at critical | 


7 in order to study pertinent geological features. vA few borings were made in 
- riverside borrow pits to determine the character and thickness of the remaining» 
- top stratum in these pits. In general, blanket borings were made with hand 
z augers whenever water- table conditions would permit - Deeper borings (60 ft ™ 
to 80 ft) were made on 1,000-ft to 1,500-ft centers to determine the characteris- 
ties of the subsurface sands for both the design and installation of = 
cm a in reaches where it was thought that control measures might be necessary. 
Some. borings were extended to rock to determine the thickness of the pervious 7 os 
7 ‘aquifer and to check geophysical determinations of the depth torock,. 
of the deep borings were made v using a 2- in., split-spoon sampler 
“using drilling mud to keep the hole open. Samples were generally taken at 
_ approximately 5-ft intervals and at points at which there were major changes | 
_ in soil strata. A few undisturbed samples of ‘the sand foundation were obtained 


> with a a 3-in. Shelby tube and drilling mud. ‘The reason for obtaining the un- 


- disturbed samples was to compare the grain size of the sands, as determined © 
_ from such samples, with that of samples obtained with split-spoon and bailer 


- samplers. Another reason for taking a few undisturbed sand samples was to _ 

study the stratification of the sand. A typical soil profile developed from field 

_ investigations is shown for a short reach of levee in the cuemmisenin cer 


‘Undisturbed Sand Sampling the Woter Table,” Bulletin No. 35, Experiment 
tation, Vicksburg, Miss., June, 1950, , PP. -19. wer 
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Investigations —Because of the difficulty and cost of ascertaining _ 
the depth to rock by means of borings, it was decided to obtain this information — 
=| by means of geophysical explorations. At the beginning of the investigution 
- the depths to rock were determined by the electrical resistivity method. In _ 
analyzing the data obtained, it became apparent that the depth to rock deter- — 
- mined by the resistivity method was extremely sensitive to the method u 7 
__ interpretation and did not check very well the depths determined by borings. 
_ As a result, this method was abandoned in favor of the seismic method which | 
Aire involved making initial checks with a seismograph at locations where the depth _ 

_ to rock had been determined from deep borings and from excavation for the — 
Chain of Rocks Canal Lock on the Mississippi River near St. Louis. Because 
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- good agreement was obtained, the seismic method was used for the remainder _ 
Field Pumping Tests.—The design of relief wells along the levees in the St. — 
_ Louis District was based on the assumption that the screens for the wells would — 
~penetrate the pervious aquifer underlying the levees to a depth which would 
_ result in the performance of a well system comparable to the performance ob- — 
tained from a 50% penetration of a homogeneous, isotropic aquifer. Because — 
_ the pervious strata underlying the levees along the Mississippi River generally — 
a become more pervious with depth, special pumping tests were performed on 
wells which fully penetrated the pervious aquifer. This was done for 


the pur- 
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UNDERSEEPAGE 
pose of ieee the depth required for 1 the well screens in order to achieve 


an effective penetration of 50%. The over- -all permeability of the sand founda-— 
tion at the sites of the test wells was also determined from these tests. The — 
- horizontal permeability of the various sand strata encountered at the test 
s wells was determined by measuring the flow into the the well screen from e: each sand ~ ' 
stratum as previously delineated by a boring. botooq od bli lnowee 
‘The field pumping tests consisted of pumping the wells at three different — 
rates of flow, measuring t the drawdown i in a the wells, and | observing the drawdown 
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‘iia the filter and the well screen and inside the well were measured by 
piezometers installed at the periphery of the gravel filter around the well screen. 
The over-all horizontal permeability, ky, of the sand aquifer and of the indi- - 
vidual sand | strata was as computed from the formula for artesian radial flow to. an ; 


‘sa 
single well, lo is ylbiqe: boxilidade 

BY Gealalie curves of typical sands taken from a boring at one of the test 

4 wells (FC- 105) together with the gradation of the filter gravel used around the 


F well screen are shown in Fig. 5. The permeabilities of the different sand strata 


“Waterways riment Station Relief Well Flow Meter,” Miscellaneous Paper 5-88, Waterways 
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| at well FC- 105, as doterinined from ‘tests field 
ae The flow of the test wells was essentially ibeesiion because of the existence 
of upper and lower impervious strata bounding the principal aquifer and be- = 
- cause the water ‘in the well was not drawn down below the top of the main sand 


a stratum. As would be expected with artesian flow, drawdown in the test wells _ 


ata gil ob Permeabilities shown by bar graph were computed from well meter 
Permeabilites shown by o and o were obtained from laboratory 
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stabilized rapidly at a constant rate of pumping. Approximately 80% stabiliza- 


barrel 1 


Bottomof_ 


NX core 
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tion was achieved within 15 ~_ to 30 min of pumping; full stabilization was was 
_ achieved after 2 hrof pumping. Drawdown curves to the test wells, as plotted 4 
on semilog graph paper, resulted in straight lines, another indication of artesian - 
flow to the test wells. The radius of influence of the different test wells ranged 
‘approximately from 500 ft to 1,000 ft. 
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ranged approximately Dinah 150 to 375 gal per min per ft of danse at vo 
well. Head through the filter and wooden well screen was quite small, 
amounting to about 0.10 ft to 0.25 ft fora 2 flow through the well screen of 10 gal 
per min per ft of screen. In analyzing the well test data, it was ROCOTS wl _ 7 
consider the hydraulic head losses i in the well screen and riser Dipecnt eotis 4 - 
The results of the field pumping tests may be summarized as follows: 


Little ‘agreement wa was found between permeabilities determined ix the 


laboratory on remolded re and those obtained from the field pumping tests. : 
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(Dio) Basep on Frecp Pomprna Tests el 


_ There is no reason why the permeabilities should have agreed considering that 
_ the aquifer was stratified and that lenses of coarse sand and fine gravel existed. q 
Generally, the field permeabilities for any given strata exceeded by from2to4 
times the permeability as normally determined in the laboratory. ua It 
2A between the effective grain size, Do, and the coefficient 
. of permeability, ku, as determined from flow from individual sand ‘strata is 
= sh shown in Fig. 7. The scatter of points ca can n probably be attributed to variation ; ; 
in uniformity of the grain-size curves and to the fact that the values of Dio 


7 used in the plot are based on the average of relatively few values of Dayo for fon 
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sand tested. In the absence of pumping-test e curve 
- 2 shown i in Fig. 7 i may k be of use to engineers concerned with seepage, water ‘supply, 
irrigation problems i in the Mississippi River Valley. OF. 
mn 3. The permeability of the principal scepage-carrying stratum at the test 
well sites ranged from 1, 500 X 10 cm per sec to 3,000 X 10“ cm per sec. ‘ 
‘The permeabilities of the individual sand strata varied from 200 x 10 em Db 
_ per sec to 6,000 X 10-*cm persec. Pumping tests on relief wells subsequently 
the Louis District indicated th that the of 
em per sec to 2,000 X 10“ cm persee, 
_ 4, In order to achieve a an effective penetration of 50% of the principal w wee 


carrying stratum, the well s screen should penetrate approxit ximately 60% of the — 


Laboratory s studies visual of all samples, grain-size 
determinations and permeability | tests on numerous representative samples, 
and filter tests on the gravel filter used around the well screens. — Sie Seem 2 
Classification.- Samples were classified both visually and, when i in doubt, 


by means of mechanical analyses. The classification | weed wes based on the 
Unified Soil Classification System.§ 
Grain-Size Determinations.—Mechanical analyses were made of any 
samples of doubtful classification and also on numerous sand s: amples 
a obtained from the foundation for the purpose of determining the Dy -size | 
_ and Dgs-size. These values were used in delineating the principal seepage- 
- carrying stratum (sands. with values of Dio > 0.15 mm) and in determining 
: strata i in which well screens should not be set because of the possibility 
Although 
satisfactorily drain sands with of Ds 


= 0.15 mm, well screens, in Sabenll were not set in sand with values of Dgs 
“ id Permeability Tests. —These tests were conducted on a number of remolded— a 

- samples of sand. The coefficients of permeability as determined in the labora- _ 
_ tory were adjusted to a temperature of 20°C and to the estimated natural 7 
- void ratio of the sands, The natural void ratio of the sands was estimated 
from the Dso-value of the sand.* Coefficients of permeability, as determined 

_ from laboratory tests on | split-spoon samples of the alluvial sands, ranged from 


¥ shout 100 X 10“ per sec to 2, 000 em per a 


all such s samples thoroughly before any permeability tests. } 
y contamination of the samples taken with a Shelby tube i ina mudded hole was 


‘Unified Soil Classification System,” Technical Memorandum No. 3-857, Waterways Experiment .« 
‘Station, Vicksburg, Miss., March, 1953. 1.0) bia ols to Mi 


©“Summary Report of Soil Potamology Investigation Report 12-2, Waterways Experiment 
Station,[Vieksburg, Miss., October, 1952. 
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Split-spoon samplers in mudded holes, 1s emphasized that such samples are 

a 


ai the filter grav vel, for relief wells to against 
- 4 piping into the well. _ The filter sample tested was on the coarse side of the | 
Ls gradation band specified. _ The thickness of filter tested was 6 in., the minimum — 


‘Three e relatively uniform sands, typical of the finer foundation sands en-— 


: countered i in the St. Louis District and having Des-values of 0.20 mm, 0.15 mm, = 


7 and 0.12 mm, respectively, were used in the tests . The tests proved that the o 
in - filter would safely drain all the samples tested at gradients of less than 8. The 


- maximum gradient existing at the interface between the sand foundation and 
c filter during either pumping tests or flood periods when wells are in operation — 
oy will probably not exceed 1. - Therefore, it is concluded that if the filter material — 
is satisfactorily placed and has a minimum thickness of 6 in. it should protect Ly os 


any ‘sand with a a Dss-value coarser than 0.15 mm, 2 no b 


Ay 


‘There are several methods which may be used for controlling seepage be 


neath levees. The choice depends on a number of factors, including the char- a 
acter of the foundation, cost, permanency, availability of right of way, main- 
4 tenance, and disposal of seepage water. Devices that may be used to control 
underseepage | are (1) landside berms, (2) relief wells, (3) impervious | riverside 
blankets, | 4) sublevees, (5) cutoffs, (6) drainage blankets, and (7) ‘drainage 


ey 
trenches. the first two foregoing methods were considered 


for the control of -underseepage along the levees i in t the ‘St. Louis District. ilo 
:- : Landside Berms. —Landside berms have been used extensively for the con 


! 


trol of underseepage. _ A berm serves to strengthen the top stratum, increase _ 


base width of the levee, reinforce t the landward slope of the levee against 


sand boils and piping frome the levee proper. Landside were used along 
levees i in the St. Louis project wherever they were the most economical and 
: where» the top | stratum landward of a levee was very thin or nonexistent . and 
relief wells would have had to be installed excessively close together. Landside 
berms: were also used where & levee was | relatively low, but it appeared that 
certain precautions against underseepage and possible sloughing of the landside 
oe «Relief Wells.—One method of controlling underseepage i is to tap the - under- 
tying pervious strata. with a series s of relief wells, These wells will provide + 
pressure relief and controlled seepage outlets which offer little resistance to 
flow and, at the same time, will prevent erosion of the foundation soils. 
_ method has been used successfully by the Corps at a number of dams and 
along numerous levees underlain by a pervious foundation. Relief wells offer : 
an advantage as compared to gravel toes, pervious blankets, and other ‘surface 
measures where the foundation consists of stratified deposits of pervious ma 
terials i in that they penetrate the more pervious strata in which pressure re- 
lief is necessary. With proper spacing and penetration, relief wells will reduce 7 
hydrostatic pressures landward of levees underlain by i impervious foundations 


for a wide range of seepage entrances, foundation stratification, and landward 
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top strata. aq n addition, s seepage which | ‘emerged’ of a levee 
; in an eaitiabeiilicd manner without relief wells will be materially reduced, 
although the total of well flow plus seepage with wells will be increased.’:* | 
a Impervious Riverside Blanket. —The natural top stratum | riverside of levees 
frequently has been removed as a result of borrow operations in the construction q 
of the levee, thereby exposing the pervious substratum and providing a Teady 
source of seepage entry. the St. Louis District no artificial, impervious 
_ blankets were placed riverward of the levees as a means of seepage control. _ 


_ However, where the river had scoured deep | holes or channels in riverside borrow 


pits, these holes or channels were filled either by dredged o or by hauled material, . a 


and abatis dikes were constructed to promote silting and the growth of willows 

79 Sublevees. —aAreas known to be susceptible to ‘deheieoia’ underseepage n may 

be encircled by one or more sublevees i in which water can be a perro 


prt of sublevees requires considerable right of way landward of a apes: 
“skilful operation during water to proper balancing heads so as to 


stages” because ofa head of water’? in 1 the sublevee basin. For these : reasons, 
Sublevees were not considered practicable as permanent “underseepage 
measures in the St. Louis District. 


—Where practicable, the most positive ‘method of ‘underseepage con-— 


- “trol i is to cut t off all pervious strata beneath a levee by means of an impervious - 
«i barrier which will eliminate both excess substratum pressures and the pr oblem 


_of seepage water landward of alevee. However, completely cutting off pervious 
strata from 80 ft to 200 ft deep along extensive reaches of levees is not economi- 
feasible. The installation of partly penetrating cutoffs will not reduce 


7 seepage and excess pressures significantly unless the cutoff penetrates 95% or 


Be ne along the levees in the St. Louis District. However, a few shallow 


cutoffs along the riverside toe of the levee were constructed to cut off relatively be 
r ly 


_ thin layers of either natural levee sands or crevasse sands which lie imme-— 
c diately under the base of the levee and which, in turn, are underlain by more q 


Drainage Blankets. —These blankets may be used for controlling under- 


Bee se seepage where the levee is built on exposed sands and grav rels of fairly homo- 3 
oo character. However, they are not effective for controlling seepage in 


more of the pervious aquifer. Because of this fact, which has been demon- 


strated by both mathematical and m odel studies, no were 


deep substrata the drain is underlain by i impervious ‘top strata or where 


-— stratified fine sands exist between the drain and the deeper, more pervious ; 
q sand. No drainage blankets were used to control deep Tar in - St. 


7 “Relief Well Systems for Dams and Levees,” by W. Turnbull and C, I. Mansur, Transactions, ; 
.*“Control of Underseepage by Relief Wells, Trotters, Miss., Technical Memorandum No. 8-341, 
Waterways Experiment Station, Vicksburg, Miss., April, 1952, p. 61. 4 a 
"Efficacy of Partial Cutoffs for Controlling Underseepage Beneath Levees,” Technical M femorandum 
No. 8-267, Waterways — Station, Vicksburg, Miss., January, 1949, p. 63. y 
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the formation. ‘Where the pervious: foundation is deep, 


ah 


Seepage control measures were considered necessary wherever the estimated rsh ni 
head beneath the top stratum (at the landside toe of the levee or existing berm) _ 
at flood stages equal to the net grade of the levee would create an excessively 
high upward gradient through the top stratum. In agriculatural areas where A 
_ it appeared that the upward gradient, i, would become equal to or exceed 0.85, 
g seepage control measures were considered necessary. Where the gradient was 
5 between 0.67 and 0.85, piezometers were installed to measure the substratum | . 
_ pressure during future high-water periods; from these data, decisions will be « 
later as to the need for co control measures. W here the gradient: was less. 
than 0.67, no control measures or piezometers w were considered necessary. 
industrial areas, control measures were considered necessary wherever i was 


expected to exceed 0.67 and were designed at levee toe 


ich H is the design 1 net head on the levee; 8 denotes the distance from sie, 


£€ flank and riverfront levees. The distance to the effective source of seepage, — m 
8, was estimated from field reconnaissances of borrow pits, and the river, boring 

tite and piezometric data were obtained at similar sites along levees in the voy 
Lower Mississippi River Valley. For riverfront levees, values of s sranging from To: 

_ 600 ft to 1,000 ft were used for analytical and design purposes. Along flank 

<= x levees: where thes seepage entrance is restricted to the bed of the tributary stream, a 

ms values of s ranging from 800 ft to 1,500 ft were used. The distance from the ae 

. landside- levee toe to the effective seepage exit, 23 ,was computed from the fol- 


lowing formula by Preston T. Bennett, ASCE, which assumes that the top 


Effect of Blankets on eas Through his dati 
ASCE, Vol. 111, 1946, pp. 215-252. 
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the foundation to vertical saatiaihahi of the top stratum ; z represents the top 
ay stratum thickness in feet; and d equals the effective ‘thickness of the aquifer in 


el simplify the preparation of design charts, it was assumed that d = 80 ee. oy 
cn * ty (variations in d between 50 ft and 120 ft do not greatly affect the values of h. 
wy rigs Or 23). Evaluation of the top-stratum thickness and of the permeability ratio 
BS was predicted largely on the thickness of the clayey part of the top stratum. 
; ns _ The value of z was obtained by transforming the thickness of each layer of the 
a stratum into an equivalent thickness of material of constant vertical wm aa 


No wells or piezometers 


Thickness of top stratum, in feet 4 
re. 8.—Compurep Hyprosratic Heaps ar Tox o oF Levene— 
meability. Where the stratum was predominantly ly silty with less than 5 ft 
‘ of clay, k;/ky was assumed equal to 400. When the top stratum consisted of 
5 ft or more of fat clay, k,/k, was assumed equal t to 1,000, _ The foregoing values ne 
ky/ke were based on analyses of piezometric data from similar sites in the 
ae Lower Mississippi River Valley. By substituting z; (as given by Eq. 2) in Eq. | 
the head, h., can be expressed in terms of H and 2 for given values of s, 
ond used for the computation of hydrostatic. head at the 
* landside toe of the levee without relief wells were developed from Eq. 1 and 
Eq. 2. Aty pical set of curves for s = 800 ft is shown in Fig. 8. 
im Relief Wells.— —Relief well systems were designed so that the g gradient mid-— “¢ bid 
A way” between wells would not exceed 0.67 in agricultural areas me 0.50 in in- é 
— dustrial areas. The effective well radius, Tw, Was taken a as 0.9 ft, which i is the 
distance to the periphery of the gravel filter. Design ‘curves were developed 
from the equations of Reginald A. Barron," A.M. ASCE, for an infinite line of 


_ +&“The Effect of a oes Pervious Top Blanket on the Performance of Relief Wells,"’ by 
Barron, Feaqeetinge 2d I tional Conference on Soil Mechanics, Rotterdam, Vol. IV, 1948, p 
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“tay: penetrating wells” with a se mipervious top stratum. The curves were 
developed by computing the head midway between wells and then multiplying 7 q 
. - this head by the ratio | of the head computed for 50% and for fully penetrating 
wells as obtained from formulas by T. A. Middlebrooks and William H. Jervis,” 
ASCE, and Morris Muskat,'* respectively, for an impervious top stratum. 
‘Because the computed head midway between wells does not include hydraulic 7 
head losses in the well, these head losses were computed from the estimated 
flow from the well system and from hy draulic formulas, well-tank tests, -and 
observations made on relief wells at Trotters (Muss.)* and added to the com- 1 2 --« 
puted head midway between wells. The well spacing, de, was then adjusted 
i so that the final head between wells, including hydraulic head losses, would not 
pe exceed the design values stated in the foregoing. _ Design curves were developed © 
for k;/ky = 400 and for various distances to the source of seepage. Where 


| 


og 
er ere d= = 80 

ig = 0.67 

Ly Inside diameter of well =8 in. 


tena cat Thickness 0 of st stratum, in feet ot 70.00. 
9.—ComrureD Apyusrep ror Heap Loss mx Wa 


vA 


bee = 1 ,000, a, = 0. 9 for = A typical: set of design curves: 


a8 aout is en in Fig. 9. ‘For the curves in Fig. 9 the penetration of the pee to 
“ous aquifer by the well screen was 50%, and the head loss i in the well was eyo" PY 


5 10-+ cm per sec and the top of the well at 0.33 ft above the an surface. ee 
The flow from relief well systems was obtained from Mr. Barron’s formulas 

; _ for fully penetrating wells, multiplied by the ratio of flow from 50% penetrating 

b wells to that for 100% penetrating wells for an impervious top stratum of 

xs ~ determined by Messrs. Middlebrooks and Jervis, and Mr. Muskat, respectively. hi 
The relationship between well flow, Q./H, for various top-stratum thicknesses — 

‘ and well spacings is shown in Fig. 10, in which the penetration of the pervious a 


“Relief Wells for Dams and Levees,” by T. A. Middlebrooks = 

ASCE, Vol. 112, 1947, p. 1321. 155 | 198 50 

Flow of Homo Fluid Th ugh Porous Media,” 
., Ine., New York, N. 19 5 
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aquifer by the well screen is 50%. I From the results of pumping tests semdoeta 
date it now appears that the average ky i is approximately from 1,200 10~ 
: em per sec to 1,500 X 10 cm per sec for the pervious substratum in the 
x s In a short, finite line of wells, the heads. midway between the wells exceed 
those obtained ma an — line of relief wells, both at ‘te center and near vod 


woulda not create an 1 i-value in in excess of the design value. The ratio of the 
- midway between wells at the center of finite well inbdind: to the head between — 


Wells i in an infinite line of wells is shown in Fig. 11 for various well spacings and — 
anit lengths. ‘t In developing Fig. 10, it was assumed that (1) the penetration — 


of the e pervious a aquifer by the well screen was 100%, (2) the semipervious top 
stratum was infinite in landward extent, , and (3) the effective well radius was 


1, 
74 


ky /k,= 400 
500 ~ 


3 2. | 
3 
in gpm/ tt Length o well reach, in feet athe 
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1.0 ft. In Fig. ll, is the head midway between wells i in an infinite well line, 
7 - computed from equations developed by Mr. Barron, and Py denotes the head 
; ‘ midway | between wells at the center of a finite well line, computed from m unpub- | ¥ 


a ‘ at the ends of both short and long well systems, the wells were generally | made 
“3 deeper to provide additional penetration of the pervious substratum so as to_ 
obtain the same head reduction as in the central part of the wellline. = 
re iN The average well spacing for a given reach of levee was determined from 


of each well was checked in the field and —— where seemed so that the 
would fit natural feature 


design curves similar to those shown in Figs. 8 through 11 taking cognizance > of j a 
the effect of geological features on seepage conditions. However, the that the 7. 
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omputed for an infinite line of wells, and 
required, the spacing required was din Fig. 11. In any finite 
ivided by the ratio indicated in Fig. 
acing then was divided by d midway between 
spacing then was nt penetration and spacing, the head m 
line of wells of constant p 
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= by the Kansas City District that i is based on electrical-analogy model 7 7 
studies in which it was assumed that the permeability of the berm would be the z= - 


_ as that of the top Hittnctahinrent: a berm on the landside of a levee 


s=800 ft 
El. 410. Design Hood stage_ 


— 
Levee 


t= 2.6 ft 


in Fie. 12. For Desian oF SEEPAGE Berms 

- restric ts the natural relief of pressure as a result of 1 natural seepage through the 
A top stratum and, thus, increases the hydro static head at the levee toe with © 
respect to the original ground surface. This i increase in head depends on the — 
length, thickness, and permeability of the eberm. The electrical-analogy model — 


. st tudies indicated that the effect of the berm on landside substratum ‘pressures 


would be the same as if the impervious base width of the levee had been in- 5 
_ creased by 50% of the length of the berm. _ The nomenclature used in thede- 
s sign of seepage b berms is shown i in Fig. 12.0 The procedure used i in designing” ; é 

seepage berms in the St. Louis District was asfollows: 


The head, a at the landside toe of the levee without a berm was de- 


ermine from Eq. 1. | The allowable v: value of i, with a berm ¥ was taken as 0. 60 
ae agricultural levee districts and as 0.50 in industrial districts. ete ital, 
The allow ywable head at the berm toe, he, was taken as0 0.85 2 in 
ee districts and as 0.67 z in industrial districts. 
3. The first trial length of berm x; was computed as that length of berm 
(Where the head, hey at the berm toe would be equal to to “he; this length 
determined by means of Mr. Bennett's” blanket formulas. ot. which 
The value of was then added to s, and the head, h.,, was computed 
4 from m Eq. 1 at a point 2/2 di distant from ‘om the landside- toe of of th the levee. The 


equation ation results: vel fit 0 jar ground 


5. new distance, tu, from | the assumed impermeable section (x;/2 
= distant from the landside toe) was computed by means of the blanket formulas — 
_ so that the head, h,, at distance z,, would then be equal to the allowable head, © 7 


6, The berm length, X, is then + au. To simplify the 


=. foregoing ‘computations, it w was found e: expedient | to represent the | blanket 
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the. ratio of head hz (at a landward of the levee). to the hes. 
"4 (at the toe) and the distance, z, divided by the exit length, z3. By tie al 


he and substituting this value for h, and Ie and Zs, the distance, z, at 
he = = = he can be found. 
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| Fra. 13. ‘THE Heap Lanpwakp oF Lever to THE HEAD aT Ly 
‘The average upward gradient through the top stratum and the berm was ex- 


in which ¢ is the berm thickness. From Eq. 5, the require m thickness, 
at the levee toe eanbefoundas ta 1 


4 
in which is is the allowable at the levee a. 


Mr. Bennett’s blanket formulas and from unpublished 
Mr. Bennett for the design of seepage berms, an equation for determining sad 
Re of a berm was developed. This equation i is as follows: 

alt fast 


aif” 


q 
if 
a 
= 
| 
f 
; 


= 


in which A is equal to 6 + 3 8 + 1); r denotes i, is the a 
upward gradient at the landside toe of the levee; and i; is the allowable upward — 
gradient at the landside toe of the berm. It should be noted that two values of — 
ty: are obtained from Eq. 7. As a result of the ‘sign convention adopted i in de- by 


‘The head, h',, at the toe of the levee with the berm in place can be = 
from the following: paned the Mts 

) (c oxy]... 


4 The reqeiond thickness of the berm at the levee toe is given by Eq. 6. ‘The - 


illustrated in Fig. (12:X = 175 ft and t = 2.5 ft. in 


INSTALLATION AND Construction oF SEEPAGE ConTRoL MEASURES 


Relief Wells. —The relief wells along the levees in the St. Louis District have — 
been and are being installed by the reverse-rotary method. This procedure — 
for drilling holes for wells in sand is basically a suction-dredging method in which | 7 
the material in the hole is removed by a suction 1 pipe. . The walls of the hole 7 
are ‘supported by seepage forces acting against a thin film of fine-grained soil. 
on the walls of the hole; the forces are created by maintaining a head of water 
in the hole several feet above the water table. A film of fine-grained soil is 
n deposited on on the walls of the hole by the drilling s water as water and soil from the 7 
suction pipe are circulated through a sump pit. The sand settles out in the © 
on pit, and the water r containing the fine- grained particles | flows back from 7 
the pit into the hole. Successful drilling by the reverse-rotary method r requires 7 - 
that the water table be approximately 7 ft or more below the ground surface 
and that there be an adequate supply of drilling water. ec .m 
cS typical reverse-rotary drilling unit is normally ‘equipped with a a 
- capacity centrifugal pump and a 6-in. -diameter drill pipe, and is a bit similarin — 
appearance to the cutterhead of a dredge. WwW here cobbles larger t than approxi- _ 


mately 3} in. are encountered, it is necessary to provide this type . of equipment — 
with a rock trap. Holes for relief wells also may be advanced by the reverse- | 
rotary method using compressed 2 air or a jet educator not eae neither of which ‘7 
requires the use of rock traps. di wire 
oe typical relief well consists of a a screen section, riser pipe, , gravel filter, sand — 
backfill from the top of gravel filter to an elevation 10 ft below finished ground — 
_ surface, and concrete backfill from the top of the sand backfill to ground surface. 
F The riser and screen are of 8-in. -inside-diameter wood pipe. The screen is per- 
forated with slots ; in. wide. The bottom of the well screen is closed with a 
“d wood plug. Tops of relief wells discharging on the ground surface are protected _ 


_ by y metal well ‘guards. ee (A ochionnetin drawing 0 of a adage relief well i is shown in 7 


‘As the for a relief well is advanced, of the foundation soil are 
ail at 2-ft intervals by catching samples of the effluent from the drill rig in 7 
7 a bucket. — The purpose of this sampling is to determine the depth at which the , 
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_UNDERSEEPAGE 


sands, and very fine sands through | which pipe are 
instead of slotted screen. n. During ¢ or immediately after drilling operations, the 
_ well screen and riser pipe are assembled and guides are attached to the pipe to ° 
keep it centered in the hole as the filter gravel is placed. _ The hole for each well | 
is overdrilled at by least 4 ft so as to provide a space par the bottom for filter 
gravel which may become segregated when the tremie pipe is firet filled. ‘7 The | 
- Check valve 


wood riser pipe 


crete backfill : 


Blank pipe through otal dirt atl} 


— 6in.m 


Note: Not to scale 
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‘filter gravel is placed only after the screen and riser have bees lowered to the 
correct depth and the top of the riser piper set about 4 in. above the natural _ 

ground surface. The filter gravel is placed by: first lowe ering a perforated tremie 
to the bottom of the hole and filling it with filter gravel. The tremie then is 

_ slowly raised to allow the filter gravel to run out of the bottom as it is fed into — 

the top. The tremie pipe is kept filled at all times with the filter gravel being — 
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kept ¢ above the water surface so as to prevent any segregation of the gravel as it > 
is placed. The filter gravel is placed to at least 4 ft above the top of the screen ~ 
section so as to insure the existence of filter above the top of f the screen after 


_ After the filter is placed, material which has entered the well during the 


4 "pumping ar are started within 2 hr after the filter has ests placed and are continued . 
until the amount of material pulled through the screen between surging opera- 
tions is less than 0.2 ft deep in the well. - Surging is usually accomplished by 
r lowering and raising a surge block made of a heavy rubber disk between two 
steel disks mounted on a steel rod. The rubber disk has a diameter of spproxin 


= 


mately 1 in. less than the inside diameter of the well, and the steel disks are 1 
in. smaller than the rubber disk. The surge block is raised and.lowered: at a 
_ Each well is subjected to a pumping test after the completion of surging so er 
as to achieve a « a drawdown of 5 ft in the well ora flow of at least 500 gal per min. 
The inflow of sand into a well during the pumping test is carefully checked for 7 
ee each well to prove its stability. This is accomplished by pumping the flow into | 
Z carefully baffled 1,000-gal sedimentation tank for 15 min. During this inter- 
val the sand in the tank is collected and measured, and the change in the amount 
a sand in the bottom of the well is determined. The pumping test is continued 
until the rate of inflow of sand into the well is less than 1 pt per hr. Fig. 4 


| illustrates completed reach of a well system, showing the soil profile, spacing 7 


we 


sed 
the 
7 
to 
rell 
ter 
“he placing operations is removed, and the well is surged and pumped toremove — 
— 
pm | 
at 
he 
ral 
11s 4 
nto 4 4 
me 


each well. of a com- 
pleted wellsystemisshownin Fig.155 
% ‘The top of each well is protected against the backflow of muddy bevel 
2 water by means of a specially designed rubber gasket and simple check valve a as ; 
_ shown in Fig. 14. Accelerated full-scale laboratory tests have indicated : 
_ check valve to be very effective in preventing backflow of muddy water into “E 
_ During periods of relatively low § stages on the levees, relief wells 1 will flow 
more than natural seepage. In agricultural areas each well is provided with o 
_ plastic sleeve which will raise the discharge elevation of the well to either 1 ft 
or 1.5 ft above the natural ground surface. _ These low sleeves or standpipes 
a will prevent well flow at low river heads on the levee when no pressure relief is 
necessary. As soon as artesian pressure develops to the extent that | w ater 
begins to spill over the top of the standpipes, the pipes will be removed and the _ 
well system allowed to operate as originally designed. The flow from relief Mi 
wells in highly developed areas will be pumped over the levee during high water. : 
Piezometers.— .—Piezometers ‘consisting of a 2-ft section of brass wellpoint 
in. in diameter), plastic coupling, and 1}-in. galvanized iron riser pipe hav 
been installed in the pervious § substratum immediately beneath the top stratum 
in almost all well reaches so as to check the efficacy of the well systems during 
4 high water. Generally these piezometers are installed between the wells near — 
the end and in the middle of any sizeable reach of wells, At certain typical | 
locations in in each levee district, a few piezometers have been installed on a line ~ 
: perpendicular to the levee and beneath it. The purpose of these piezometers is — 
_ -' to estimate t the effective source of seepage entry at those e locations a and to check 
on design assumptions and performance of the well systems. Piezometers were 
g installed in areas where the estimated upward gradient at the design flood — 
was between 0.67 and 0.85. . Thes screens for the piezometers have either 40- 
a mesh brass screen or No. 18 slots. zl The tops of the piezometers npc yueondell 
_ with a column of concrete 6 in. in diameter which extends from just below eal 
__ piezometer cap to 30 in. below the ground surface. After each piezometer i 


- installed, it is pumped and tested to check its performance. a — 
Seepage Berms.—These berms may be constructed by , either hydraulic- a 
# fill methods or by hauling. - Berms constructed of sand are preferable ; however, 
the berms constructed to date (1955) in the St. Louis District have been gener- 
ally built of random soil. In no event should a berm be constructed of soil 
_ that, when placed, is more impervious than the natural top stratum. _ ia to —s 4 
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“AMERICAN SOCIETY OF CIVIL 


PRELIMINARY STUDY OF HIGH-RATE 


By JoHN A. M. ASCE, AND GEORGE W. PEARCE? 


15-gal laboratory, mechanical composters (batch-type) for determining 


nM; the criteria for the high-rate composting of organic wastes are described herein. = - 


_ Physical and chemical tests for indicating the degree of decomposition during _ 
- composting are outlined, and typical results are presented. Optimum stirring , 7 
and aeration rates, as well as the percentage of moisture-in the initial charge, 


are presented for the laboratory units. The correlation of carbon dioxide and 
moisture with the of the is shown, 


Garbage and refuse izentment and disposal in the United States are inade- 


quate in a most communities. The us usual open dump is is & public | health hazard, 


matter. Often, swine feed on raw garbage. This has devastating results, such — 7 
as widespread outbreaks of vesicular exanthema and the less evident but im- ae 
portant human disease, trichinosis. ‘Burning more readily. combustible ma- 
at a dump generally aggravates the nuisance without eliminating any 
. The second most popular method of refuse disposal, the sani- _ 
tary landfill, liminates the health and nuisance hazards, if properly operated, 
- but this method still requires space and does not salvage organic matter nail 7 ; 


Nors. —Published, essentially as printed here, in December, 1955, as Proceedings Paper 846. 
and titles given are those i in effect when the paper or discussion was approved for publication in Tvedenitione.. 
& * Senior San. Engr., Dept. of Health, Education and Welfare, Public Health Service, Communicable | 
. a 2 Chief, Chemistry Section, Dept. of Health, Education and Welfare, Public Health Service, Communi- , 
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-HIGH-RATE COMPOSTING 

_ ‘return to the soil. Incinerators are expensive to build and operate and also 

_ destroy the organic matter. Although incinerators eliminate disease hazards 
associated with refuse disposal, they may increase the atmospheric pollution — 
problem. _ If composting of garbage and refuse ‘can be performed i in mechanical 
units in a week or less than a week, health and nuisance hazards could -7 

eliminated ‘and a worthwhile by-product could be provided. = | 

Composting of various organic wastes has been many years in 


Europe, Asia, and ‘Africa. _ Generally, however, it is a slow process requitiog 
from 6 months to 12 months under predominantly anaerobic conditions. 
as it was tried on a few occasions by cities in the United Sine has 
largely failed. Recently, there has been considerable interest in aerobic, 
thermophilic in windrows or outdoor piles. The University of 
at Berkeley has some outstanding studies on bin 


process in the United States. _ Additional shales on outdoor, aerobic compast- 
ing have been conducted by the Communicable Disease Center, in Phoenix 
There has also been considerable activity by “several commercial 

groups private individuals i in aerobic, thermophilic composting in high-rate 
mechanical units.** 5,6,7 Little ‘Tesearch has been conducted t to evaluate 


- However, Michigan State College, at East Lansing, has initiated such research,*® | 
: “and the field promises to produce a a competitive me method of treating refuse in a 


_ flies in the form of eggs or larvae are often present i in refuse reaching a datip and ie 
are attracted to and breed in in exposed re refuse. Rats and certain mosquito species, 


both of which may carry disease, are also problems in refuse disposal. Al- 

4 though pathogens may be or may not be an inhportant public health problem in 

4. the » disposal of community solid wastes, they constitute such a problem in in 


‘man. Such ‘matter contains humus, which is badly needed in: clay « or 
sandy soils. Compost may also be beneficial to the soil in other ways: (a) By | 
: retaining moisture which would otherwise rt run off « or percolate, (0) by checking» 


a ‘Reclamation of Municipal Refuse by Composting,” Technical Bulletin No. 9, San. Eng. Research - 
a Univ. of California, Berkeley, Calif.,June,1953,. = Ty ids bods >: Sud 
“Stabilization of Municipal Refuse by H. MoGauhey and Harold B. Gotaas, 

ASCE, Vol. 120, 1955, pp. 897-9 | 

“A New Method of Garbage Disposal,” R. G. Public Works, 1952, >. 75. me 
*“Earp-Thomas Continuous Flow Digester,” by G. H. Earp-Thomas, Earp Labs., Hampton, N.J. 

coe 7 “Composting of Garbage and Sewage Sludge,” by Eric Eweson, Proceedings-Seperate No. 312, ASCE, _ 

 §“High-Rate Composting—A New ts in Municipal Garbage Disposal, ” by John R. Snell, Consulting 
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© ondiiien: of the soil.® ae Compost may be equal to or better than well-rotted 7 
stable manure when it is applied to the soil. The sale of such a by-product | 

reduce the cost of r refuse disposal so that could compete 


economically \ with the less costly: methods of disposal. got ard batagont 


pte * ‘Wastes that Improve Soil,” by Myron S, Anderson, in “Crops in Peace and War,” Yearbook of 
Agriculture, U. 8. Dept. of Agriculture, Washington, D. C., 1950-1951, pp. 877-882. § 3 us 


Soil and the Microbe, by S. A. Wakeman and R L. John Wiley & Sons, Inc., 
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Description of Unite. —Preliminary tests per- 


. “formed at Savannah in outdoor wooden boxes to determine the minimum size ‘ : 


_ in ground refuse. _ Whereas a 1-ft unit gave somewhat lower temperatures than — 
_ larger units, it was apparent that temperatures above the lower limit for thermo- 7 


; of, the units necessary for the development of aerobic, thermophilic organisms 7 


philie action (113° F or 45° C) would be : reached. Consequently, two units 


& drums, 1 ft in diameter and 1 ft deep, were constructed. These drums were 3 


3 in from 4 days to 11 faye under 0} optimum conditions. — "The central axis of one a 
unit was vertical with stirring arms in a horizontal plane whereas the axis of — 
_ the other unit was horizontal with vertical stirring arms. | Inasmuch as the 
former unit gave slightly better results but did so consistently, six identical 
larger units were constructed on the same principle. _ The multiple units were 7 
_ developed to permit a more rapid evaluation of the many variables of the | 


_ process in order to » determine the optimum conditions for rapid decomposition. _— 


_ ‘These units were constructed of 15-gal, stainless-steel batch cans having : 
a working capacity of approximately 11 gal, or 1.5 cu ft (Figs. A and 12). Two 
curved stirring arms } in. in diameter were fastened to a 1-in. square, vertical 


stirring shaft. The shaft extended through a top plate and wasturned through = 
a ratchet i by a an adjustable lever a arm from a double-acting hydraulic — - 


water and oil pumped at a pressure of approximately 75 per aq in. The re re- 
turn or nonoperating, stroke was made by high-pressure air and was accom- 
7 plished r, rapidly (from 5 sec to 7 sec) in order to simulate continuous stirring. 
Stirring rates were adjustable from between 0.03 rpm and 0.6 rpm by adjusting | 

4 the lever arms on the units and the valves on the hydraulic-fluid manifold. 
‘ Three-way solenoid valves, actuated by a latching- -type contact relay, controlled — 


Low -pressure air (10 lb per sq in.) was provided through a pressure-reducing | 4 , 


valve to a manifold, a and the amount of air needed for aerobic decomposition 
was regulated by inserting small orifices in the lines to each unit. A steel top : 
a plate containing a 4-in. hand hole and plate, each provided with a gasket and 
thumb screws, made the units essentially airtight. Escaping gases passed 

q through two hose nipples set in the | top plates. Bypass orifices and sampling — 
orifices were placed in the two nipples to regulate the volume of gases going to me 
_ the samplers mounted immediately above each unit Approximately one- 

twentieth of the air supplied to each drum was continuously passed through 
moisture and carbon-dioxide absorption tubes. date, by 
Temperature-sensing elements, connected to 3-pen, 24-hr recorders, were 
set 4 in. into the side of each drum at a height of 64 in. above the bottom. 
_ In most of the experiments the drums were covered with 2 in. of cotton duct 
_ insulation to reduce heat losses. Because all the Operating mechanism is 
a mounted above the top of the drums, the drums may be placed i in water il 
7 _ for temperature control if desired. The raw materials, which were ground, 


mixed, and sampled, were charged through the 4-in. hand hole into the drums. 


a Subsequent samples of the solid materials were removed through the hand | hole. = 


4 m 


a 


7 7 
| 
aq 
| 
| 
| 


a 


| When a run was completed, the entire top and stirring vial was 48 removed 

‘so that the drum could be emptied and cleaned. 

Materials and Method of Procedure.—After several unsuccessful at- 
He tempts had been made to compost wet garbage from a hospital and a United © 


a: States Air Force | base, w with and without adding dry materials such as ee a 


tree limbs which are collected collections are 
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three times a week from residential areas and are made on an average of from 
four to five times a week from business establishments. + Present disposal 
- (1955) is by sanitary landfill for both household refuse and yard refuse. 
pe Fresh | material fo for experimental composting was collected by opening paper - 
sacks of garbage recently dumped by collection trucks, throwing out most of the 
q oncompostable items, and depositing the remainder in 30-gal cans. There 
was an excess of paper in the refuse, and the moisture content of the material 
to be composted was adjusted by the amount of paper included. — “Tt wasesti- 
mated that residential refuse from Savannah had a moisture content of from pt 4 


about 30% to 35%, including paper of all kinds comprising more than 50% of | 
wet weight. January 21, 1954, to April 12, 1955, average results 


from the ‘analysis of 18 batches of raw refuse used in the experiments were: i 


| 
= (aa 
e 
= 
| — 
| — 
1 
18 q 
i > 
= 
4 


‘bola? Nitrogen (% of dry weight). 


_ §ufficient raw refuse was brought to the laboratory area where it was ground 


twice through a hammer mill provided with a roller screen. . The first grind was a 
with 1}-in. roller sf spacings 's and the second grind with with $- in. roller spacings. 

_A predetermined amount was weighed for each drum. For comparative runs 

“path drum received the same total wet weight of raw refuse. Any. anni 

d such as “starter,” ‘. ‘compost from a preceding ru run, chicken manure, fish s scraps, 
concentrated sewage sludge, or lime—were also weighed on a predetermined 

basis designed to give the desired percentage of additive on a dry-weight basis. | 

. pT he exact moisture content of the initial mix was not known until from one to : 

r two days of the run had elapsed. When it was desired to test the effect of var- 
ae ious additives, each ‘unit ‘received a computed amount of distilled water so that — 
all units initially had approximately the same percentage e of moisture. Sg & 
Compost from preceding runs was generally used for seeding after some pre- 

4 liminary experiments had been made with runs having no additives and with 
puns. having a starter (containing lime), lime by itself, and “finished” compost. 

_ The finished compost was generally air-dried and ground in the hammer mill 


, of work by two men. At this time, stirring mechanisms and esration > were in 
operation. ? This period.was needed to permit the charge to settle in the drum 
5 and to add more refuse. Quantities used per drum depended on moisture con- 
tent, but they averaged approximately 36 lb (wet weight) and 16 Ib (dry weight). 
q The volume of the charge was reduced rapidly the first t day. At the end of a 
Pi ran it was from one-half to two- thirds the original volume. — 


rm "Interruptions of stirring occurred frequently with an occasional inter- 

ruption of air flow. These interruptions caused marked changes in the temper- 
- _ ature of the compost, especially if they occurred on the second or third my 

_ when peak values were almost attained. ‘Usually, stirring speeds, aeration 

rates, and sampling 1 rates were held as constant as possible throughout a run. 

- Some initial attempts at “tapered” aeration did not seem to produce the de- 
At first, there were “many mechanical ‘difficulties. Some of these were: 

failure of the hydraulic-fluid pump; inoperation or double operation of the re- 

lays, resulting in stoppage of the stirring; leaking of the O-rings in the cylinders — 
(resulting in stoppage or diminished rates of stirring) ; bending or breaking of 7 

_ the stirring arms due to high torques ; breaking of snap switches; power failure; : 

air-compressor failure. Gradual in and operation - 


TPT 
elimin ated most of these difficulties. 


“Volatile solids (% of dry weight). 

| 

i 

| 

the drum was charged (haroing the drums required from 

q 

| 

| | 
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Pr ever, stirring rates are not critical, as will be shown subsequently. —— 
: rates ranged from 0.24 to 0. 27 cu ft per min per drum, or from 23 to 29cuft 
- day per lb of volatile solids in the initial charge. dao oi 


hg Limited trials with and without the layer of insulating material around 


and production, , and slightly less carbon-dioxide production and volatile solids — 
lost in the insulated drums. For the most part all drums have been insulated. q 
_ In one trial, drums receiving air for aeration at average temperatures of 98° F 
a and 67.5° F showed no significant differences in temperatures of the composting © 
materials, although a slightly greater loss in volatile solids occurred in the ~— 7 
_ receiving the warmer air. No further experiments with external heat or cooling — 
_ were made, although it is felt that cooling during peak activity may be necessary 

| to prevent the desired microorganisms from being killed. 8s 
_ _-The end of a run was indicated when all drums, or most of them, returned to _ 

7 approximately 10° F of room 1 temperature. At that time, the entire top and 7 
- stirring g mechanism were removed, and the wet weight of the compost was ob- 

- tained. Samples were analyzed so that the weights of the various components _ 
could be determined and compared with the initial values. Except in runs 
where the aeration rate or moisture of the initial mixture were varied, there 
was no drop in the percentage of moisture in the compost. The 


- se eddie water when r necessary, rapidly ‘mixed and aerated and placed i in n open 7 

cans for a reheating test. There should be little subsequent heating if the 

_ course of composting has been good. However, it has been determined that — 
so-called finished compost will reheat sometimes more than once, when it is 
dried, reground to smaller sizes, and reconstituted with water. -everetall 


a experiments were later conducted two or three times, including at least one a 
Sampling and Testing Procedures.—Duplicate samples were collected for 
moisture determinations initially, every three days, and finally ‘samples were 

collected in covered metal dishes having a a capacity of approximately 250 ml. « 

moisture content was determined drying in an oven at 


oo pone to be insufficient for the size sed samples used (from 60 ¢ g to 150 g). + 
a Some of the more readily volatilized compounds, such as volatile acids, carbon- 
ates, and ammonia, may have been included as moisture in the oven-drying 7 

_ process. Moisture was reported a as a percentage of wet weight. After drying, 

; the duplicate samples were ground in a laboratory mill through a perforated — 

- screen with 1 -mm holes, and the ground samples were stored in sealed jars. ce 
mM A test for volatile solids" measured the amount of combustible matter or 
Ww veight lost during the ashing of a sample. To determine volatile solids, dupli- 7 

q pire samples of redried samples (from 3 g tc to6 g) were ashed at from 650° C 2 


3 700° C for at least 2 hr in a muffle furnace. i The percentage ge of volatile ne a 


was computed on a dry-weight basis. The volatile solids represent ——, 
ope nu‘ Standard Methods for ‘the Examination of Water, Sewage, and I Industrial Wastes, ‘g "Am Public 
Assn., Inc., York, N. Y., 10th Ed., 1955, p. 353 
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HIGH-RATE COMPOSTING 


a a organic matter in the compost, but they may also include volatile minerals 1 —y a. 
carbon dioxide lost: during Corrections for materials added to the 


2 the lite content, thus decreasing the percentage of volatile solids. = = 
, ‘The carbon content and nitrogen content of the oven-dried and ground 
samples after redrying at from 102° C to 105° C were also determined. The > | 
- total carbon content was determined by a semimicro, wet combustion method”; __ 
p approximately 15 mg of the sample were used. The carbon 1 content, C, was 
‘The nitrogen content, N, excepting nitrites eit nitrates, was determined by | 
a micro-Kjeldahl procedure using from 10 mg to 15 mg of a ground, redried — 
sample. The nitrogen content was reported as & percentage of dry weight. The 
<q protein content was estimated by multiplying the nitrogen content by the factor, — 
6.25. The carbon-nitrogen ratio was computed as C/N. 
Samples of from 5 g to 10 g were collected daily for a a pH- determination. — 
They were diluted with distilled water free of CO2, and determination was made 
means of a glass-electrode pH-meter after vigorous stirring. 


temperature of the composting material was continuously recorded, and 
records were also maintained of the ambient (room) temperature. Tempera- 
tures of the inlet air admitted to the drums varied less than 2° F from + ; 


Special samples were removed from the drums whenever desired. 


added to the final net weights of compost removed fromthe drums. 


= Carbon dioxide and moisture were the two major products of aerobic com- 
posting that were found in the outlet gases. The moisture collected from outlet 


= because of all samplings, together with estimated losses or spills, \ were 


and to ‘the biological ‘oxidation of organic matter. In order obtain a 
stoichiometric balance between the input and the output of each drum, measured 
portions of the outlet air were sampled | continuously to determine their H,0- 

contents and CO,-contents. Moisture w was sampled i in 18-in. by 1}-in.-diameter 
glass tubes containing Drierite (8-mesh anhydrous CaSO,). These tubes con-— 

tained fi from 300 g to 250 g of Drierite capable of absorbing approximately 75g of 
moisture. The indicator color changed from blue to pink as the Drierite ab- _ 
sorbed water. The moisture was determined gravimetrically for the measured | 


a quantity of air sampled. _ It was then converted by computation to the total 7 
q 


uantity for the 24-hr flow for each drum and expressed i in pounds per day = 4 


1 100 lb of volatile solids (the initial charge in each unit). Tubes were changed ; 
once & a day, the sampling from 1,000 1 500 min. Drierite rierite 
Carbon dioxide was absorbed ond: deterniined 

F. lowing the removal of ‘moisture by the Drierite t tubes. Ascarite (sodium-hy- 

- droxide-impregnated asbestos, of from 8 mesh to 20 mesh) was used in 12-in. — 

g by 1}-in.-diameter glass tubes. These tubes contained from 180 g to 205 g of. , 


et “Rapid Methods for Assay of C-14 Labelled Compounds and Total Carbon i in ‘Om ale Wastes a zt 
hemical Ne. 3, le Disease Center, ‘Technical La ., Savannah, 
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HIGH-RATE COMPOSTING 1017 
Ascarite of. 60 g of carbon dioxide. The 
_ Ascarite changed color from light brown to white as it absorbed CO... | The COs 7 
also reported as pounds day per 100 lb of volatile solids. Air- 
sampling flows were measured with a wet test meter after the air had passed 
through the Drierite and Ascarite tubes. Total air flow to each drum was — 
checked, periodically with the wet test meter and was found to be essentially | 
“constant. 
 Afew special or nonroutine tests were Fe laa on raw refuse and compost. 
‘These tests rearing ; counts of of 7 


th that the total products was compared to the total 
mass being ‘composted. _ As a result, every -ything with a significant total weight 
- Was measured except for the oxygen consumed in the « oxidation process. _ The 


(Raw og Os used) J 


The represent constants for given conditions. ‘only the 
that is ed is 1 is simplified to 


WV olatile ‘Solids lost) Or used) (COz produced) — (0 produced)... 


‘The we weight of oxygen may be obtained by difference a: as all other 1 ces 
are known. The respiratory quotient (R.Q. = volume CO;/volume O:) may 
be computed and checked against other aerobic | decomposition processes, such : 
‘Typical Composting —A typical garbage-composting batch run is 
shown in Fig. 3, with curves for the temperature and the pH of the compost and 
for the H,O and the CO: produced and evaporated in the outlet gases. The — b 
temperature of the composting mass increased rapidly to approximately 100° 
in 24 hr. At this point, there was a reduction in the rate of temperature in- be. 
= for approximately a day. Sometimes the curve showed a plateau or 7 
3 13 “Aquametry,” by John Mitchell, Jr., and Donald M. Smith, Interscience Publishers, Inc., , New York, : 


_. 4 “Biochemical Oxidation of Wastes. IV. Endogenous Respiration and of Aerated 
Dairy Waste Sludge,” by 8. R. Hoover, Lenore Jasewicz, and Nandor Porges, Sewage and Industrial Wastes, >. 
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Although other by-products, in addition to CO. an : 
o CO. and H.O, were released = 
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on the third « or fourth day. temperature then 
to within 10° of ambient, usually at the end of from 6 days to 9 day: pati totes i 
_‘The initial phase of composting was acidic, the pH falling from an initial 


. value of from 6.0 to approximately 4 4, 5 it in the first da day or two. _ The second a 


a ore Pies 
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H20 produced 
and 


v= 


uced und: 


od 


pre 


‘and co, 


H,0 


- sharp rise in temperature usually coincided with a rapid increase in the pH, and “<q 
: - peak temperatures were seldom reached until the pH was 7.0 or more. Most of 
the thermophilic action occurred | under alkaline conditions, the pH reaching 


from 8.0 to 8.5 as temperatures reached their peak and started to decline. 
There was usually a slight drop in pH near the end of a run Sao nal “a 
— Moisture and carbon dioxide. in the outlet gases increased to a peak that 
0g was ons simultaneous with the peak temperature and then decreased. . Gen- 
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_HIGH-RATE COMPOSTING 


nally, the the total H,0- output the first 
half of a run, and the reverse was true ee the | last half. 


in % of wet — % of dry weight | % of dry weight | % of dry weight 


weight 


91. 


or no the: run, although results for drum No. 4 showed a slight 
increase. The C/N and volatile solids showed a decrease during the run. fe 19 
Whereas percentage values appeared to showlittle change during. composting, 
the absolute weights showed a marked decrease, as indicated in Table 2 and 
Fig. 4. Losses in dry weight, especially the volatile-solids component, and 
total weight are considered important. Molatare loss may be 


increased significantly by using more air, faster stirring, or better insulation a 
the units. The oxygen used and the CO: and H:0 produced are direct measure- 
ments of the activity of the microorganisms. The oxygen content was — 
puted by subtracting the initial charge, 43.8 lb, from the total output, 49.8 ib 
This: value, 6.0 lb, can also be checked by means of the discharged materials — 
and volatile solids that are lost. 
H,O produced = 2.6 lb; H: = 0.29lb; O2 = 2.31 lb 
sb CO; produced = 7.2 lb; C = 1.96 lb; ; = 5.24 lb bas ow wild. oe 
bam, Total discharged: ‘and = 2.25 lb ; O2= = 7.55 lb 
Total C, and recovered in outlet gases = 9.8 Ib 


Volatile solids lost me 3.8 lb lan ,boow 


a madeju Paby the from air = 6.0 lb. 
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‘The loss in the compost, 4. was the total 
mt moisture to give the net amount of H,O produced by oxidation, which was 2.6 
Ib. Part of the O, needed for the oxidation, 1.55 lb, came from the organic _ 
the carbohydrates, H 0), whereas the majority, 6. 


lb, was drawn from the air supplied. . The ‘respiratory quotient f for this run is . 


=? 7.20/44 _ 


Average results for 25 runs with from 1 drum to 6 drums in operation | 


7 A summarized i in Tables 3 and 4, which give a analy ses and weight losses. — 


a Weight balances were c computed for 9 runs with from 1 drum to aR a 


" _ In general, losses in volatile solids varied from 17% to 53% with an average 


30% in 25 runs. This indicated that nearly one- third of the organic matter 
decomposed to. water and carbon dioxide. The moisture and ¢ carbon 


Weight, in 


MF 


Fi ‘Pia. 4. Batance For Run 25, 


oxide released weighed slightly more than 2.6 times the weight of — 
solids lost. This extra weight came from the oxygen used i in the decomposition. Os 
7. The slight loss in ash con 

“ sampling or of other errors. 7 ‘However, the fact that there was no i : 
in ash content indicates that little mineralization, if any, occurred. 
The composting periods averaged 7.3 days. However, in some cases runs» 

_ were continued for from 1 day to 3 days longer than the time required for com- 

- post temperatures to reach within 10° F of ambient. Although compost tem-_ 
g "peratures, in most cases, f fell to within 10° F of room temperature, the ‘material 
at the end of a run still contained considerable organic matter subject to: de- 
- composition. The more readily oxidizable matter was decomposed, and the 

_ Structure and character of the ‘material was changed considerably. . Paper. 


idence 


4 
4 
| wood, Cellophane, rags, Dones, and similar materiais showed little ev 
More — - decomposition. However, most of the wet garbage was no longer rec 


Citrus s peels and banana stalks could be distinguished, _ they were aatetiebed to 
less: than half their original size and were quite dark in color. The finished 
‘compost had an earthy or moldy odor like that of well-digested s sewage sludge. 
it was dark brown when wet, light brown when dry, and was very fluffy after . 


care 


} 
! + 
i Volatile solids, in % Nitrogen, in % on 


content, in % in % of dry 
of wet weight weight @ dry weight of dry weight on 


3 


Component Intake Output 


Volatile solids. . 79 
ia 


Moisture 


_ being air-dried andl finely ground. It was thought that materials such as 


sugars, starches, pentosans, and compounds were completely destroyed | 


ary 


_ whereas there was little or no destruction of cellulosic matter which probably 
the bulk of the residual organic material. average C/N was 
—— 


Component Output | le “Loss, in 


10.5 26.6 


in 


"Total composting materials. . ys 38.1 2655 The ral | 


Carbon dioxide produced Lanes Tay 


_ reduced fi from _ approximately 35 to 25 during composting. Soil humus has a 
C/N of approximately 10, despite the original source of the organic matter— 


that is, peat moss, manures, or compost. <8 It seems unlikely that garbage or - 


municipal wastes can be produced _with a a C/N of this: order by compost- 


However, garbage composts having: C/ N of from to 30 could be 
= to be readily converted to soil humus under most conditions. A sal 


5 Manures,” by Arth Arthur B. Beaumont, Orange Co., New York, N. Y., 1946. 7 
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HIGH-RATE COMPOSTING 


“4 able test for the desirable end point of composting has not ides developed 80 


far. - Such a test should consider both the agricultural and health implications . 


of Sin material, which may be e distributed for use by the public. fat bas 
The data available from 17 runs, in which initial and final contents 


0143 


_— Some nitrogen loss was evident in a few runs nies: of t an ammonia odor 


i ‘in the outlet gases. The presence of ammonia was variable, and the factors — . 

affecting its production have not been studied. 4 


Physical Factors for Optimum Composting. ng.—Although insulation and heating 


to « ‘speed up the composting process have been cited herein, neither appears — 


TABLE 6 


| 


_ Garbage and refuse, in pounds 
_ Compost, in — 


‘Total, in pounds. . 
Initial moisture, in % of wet rr Hl 


Run 


on 


owes 
Stirring rates, 
in revolutions | Drum | in revolutions — 
-perminute | perminute 


Initial volatile solids, in % of dry 
0.26 


Air supplied, in cubic feet per minute.............] 


necessary for units those of er, one 
or the other appears necessary for small laboratory units in which the area of © 
= exposure is large in proportion to the 1 mass of material. 
pe Duplicate r runs were made with each of the six drums 0 operating : ata different 
iad stirring rate ‘throughout the run and with all other variables held as constant — 
_ Conditions for the two runs are | shown in Table 6. aca 


possible. 
To determine the effect of stirring speed « on the temperature , of compost. 


(Fig. 5), values were averaged for the two drums with the lowest speeds, the __ 
two drums with middle speeds, and the two drums with the highest speeds; 


a the speed ranges tested. This, of course, applied to the type of stirring in these 
particular units, in which only two curved stirring arms were attached to the 
shaft of each drum. ‘This ; method of stirring was rather inefficient because the | : 


dein. stirring. arms sometimes cut paths through the compost instead of mixing 


there are four values in each group. J Results indicated little difference os 


a 
= 
= 
— 
wy 
4 
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y 
a 
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ving the | entire contents of the drums. A. certain amount of caking of the 
material occurred on the bottom, on the stirring arms, and on the temperature- - : 
ensing element. Any slight advantage appeared to be in favor of the stirring 7 
rates in the range of from 0.19 rpm m to 0.35 rpm because of the slightly higher © 

>. temperature and quicker return to room temperature of the compost. — 


poe 44 slow bsaweys ad 035 rpm | to 0. 05 rpm) re resulted i in in the lowest peak t tem- 


; ring rates of from 0.10 rpm to 0.61 nad gpa possibly faster rates, should sa 
satisfactory for composting in the experimental units. more e efficient stirring 


is achieved or if the entire contents of a composter are tumbled or constantly 


4 mua, different stirring or tumbling rates might be indicated. In addition, a 


Low speed (0.035 to 0.12 rpm) 


Aen ent temperature 


Days 
5.—Errscr or Sp ON THE THE 
of high moisture content i in the initial mix may require faster ‘hain, a low 
4 moisture content. Better stirring may also reduce aeration requirements by 
nt _ providing more int intimate contact bet between the organic particles | and oxygen to 
nt be utilized and by better sweeping out of waste gases and v vapors. 


_ Variations i in the aeration rate had a marked effect on the course of compost-— 

ing. in runs 24 and 27, the aeration rate was varied with all other factors — 
"tS Combining temperature values for both runs in the ranges of low, medium, | 
and high aeration rates resulted in the curves shown in Fig. 6, in which the 

contained in parentheses a are the aeration rates in cubic feet per ‘day per r pound 
: of volatile solids. Low aeration (from 0.035 to 0.055 cu ft per min per drum, or 


from 4. 0 to 6. 4 eu ft per day per Ib of volatile solids i in nae initial aaa oo 
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ninth day. on aeration (from 0 0. 10 to 0.26 cu ft per min per drum, or | 
from 9 to 29 cu ft per day per i» of volatile solids) resulted i in a peak tempera- 


the: “composting was considered complete . Following the ‘composting rut run, 


ect oft ai fasluest (¢ TABLE 7 6211.0) wols, clears 


Initial charge (same foreach drum): 


Initial volatile solids, in % of dry 
Stirring rate, in revolutions per minute... 08 to 0.10 0. 10" to ‘0.11 


— Low 
i 
4 materials i in these ran did not reheat. With hig values (from 0.35 
— to 0.67 cu ft per min per drum, or from 33 to 78 cu ft per owe per lb of volatile 
¥ - solids) the peak temperature was also reached on t! on the fourth day of composting. 4 


r nomk aerated and placed in open cans 


5 
or ON TH Tewrerate RE OF Com 


‘However, this peak temperature was followed by a rapid decline to room tem 


perature by the sixth day. Nevertheless, even after composting had been con- 
tinued for three additional days, the compost reheated to a temperature of 
- more than 140° F after it was removed from the drum, mixed, aerated, end 
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; in open This was a highet: value than the value attained during 
the primary composting run. It could be concluded that low aeration provided 
> 3 either: insufficient: oxygen or insufficient sweeping out of waste gases. This 
resulted in a prolonged period of composting but with no reheating of the ma-— 3 
terial after initial composting. Medium or adequate aeration values (from 10° 7 
to 30 cu ft per day per lb of volatile solids) resulted i ina relatively r: rapid climb aa —_ 
4 to the peak temperature, then in a slow decline to room temperature, follow ed 
a ‘ by an inability of the compost to reheat. High aeration rates resulted in rapid © 7 
2 ; cooling and dehydration of the > compost, with apparent completion of t the process © 


in a short period but with reheating when subsequent wetting, | mixing, and 
storage was accomplished. The latter result indicated that oxidation was in- _ 
~ complete and that the compost was not a finished product but a product which ~ 
could become a nuisance or a health hazard unless it was treated further to e 
reduce the oxidizable organic matter, = 


ial charge (same foreachdrum): 
_ Garbage and refuse, in pounds 
Compost, in pounds 


Total (excbading | added meleture), aa 


Initial volatile solids, in % of dry weight... 
Air supplied, in cubic feet per minute 


_ Stirring rate, in revolutions per minute 0.14 to 0.16 ; 


Moisture | moisture, Moisture | moisture, 
Drum | added, in| in % of 
pounds wet 
weight 


1) 
(368 6 


content also had a on the course of 
In runs 25 and 29 the moisture content of the initial mix was varied and all 
_ other factors were maintained as constant as possible (Table ee a 
a In computing values fo for the temperature curves (Fig. 7), values fr from drums 
“4g and 2 of both runs were averaged, indicating low moisture. (from 40% to 
53%); values from drums 3 and 4 (run 25) and drums 3, 4, and 5 5 (run 29) were — 
averaged, indicating medium moisture (from 55% to 69%) ; and the remaining un 
three “values, indicating high moisture “(from 72% to 77%) were av veraged. 
The curves shyt all ranges of moisture content showed a peak temperature on the ; £ 


nn lower than the initial LOH and the loss of dry weight and hese 
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dropped to ambient temperature by the sixth day, and reheated to 101° F after 
— 


isture content the pe peak 


was 147° F and the compost was at room temperature on the 
sixth | day with no subsequent reheating. Dry-solid and volatile-solid weight 
_ losses were favorable (from 17% to 31%), and the final moisture content was the a 
‘same as or slightly higher than it was at first. The curve for the high- -moisture 
drums had a peak temperature of only 109° F, and, by the sixth day, the tem- 
perature was still 20° above ambient (89° F). After the compost had been 
_ partly dried, mixed, and aerated, the temperature rose to approximately 97° F, 
indicating that the composting had not been completed. Under the 1e conditions — 
of these experiments it was concluded that optimum composting occurs w hen 
the moisture content of the refuse is started and maintained in the range of from 


55% to 69%. _ Values below 50% are too low and values above 72% are too 


"4 high. These values apply to garbage and refuse with a relatively high paper — 


wa content because it was necessary to retain much of the paper found in the raw 
moisture (55 69%) 


| 
Low moisture (40 to 53%) 


End of runs. Moisture adjusted. - 
Compost mixed, aerated and = 
placed in open cans 


T- ON THE OF THE Compost 


Correlation o of COs 0 ‘with the Temperature of the 


the production rates. of CO: and H.0 during composting represent the rate at 
3 which decomposition i is proceeding, they were compared with compost temper- 
_ atures to determine any correlation between the two. Initial scatter diagrams 
_ on arithmetic paper showed good | correlation, but the points seemed to lie on a 
_ concave curve. Plotting the points on semilog paper, with the CO, production 
_ rates and the H,0 production and evaporation rates on the log scale, gave | better — 
correlation and lines that were more nearly straight. Thi is is understandable 
- because the microorganisms experienced a logarithmic phase of growth under — 
_ favorable conditions. Fig. 8 shows examples of the correlations or 


_ gether with the lines of best fit computed by the method of least squares.'* Hat 
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nds of volatil ‘sol 
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pounds per day per 1 


in cu ft Moisture, in 


0.65 


(b) H,0 (Il ITIAL MOISTURE RE VARIED) 


Temperature, in degrees Fahrenheit 
Fi. 8. —Connmarion or THE Rate or COs » Paopvorion (Run 27) anv tHe Rare or H:0:Propucrion 
AND Evaporation (Run 29) WITH THE TEMPERATURE OF THE CoMPOST) 


_ Correlation between the CO, production rate and ‘the temperature of ‘the - 


+ compost i is shown for run 27 in which the aeration rates of the six drums differed 
4 widely. A correlation coefficient, r, of 0.844 was obtained with 54 pairs of ee 
observations, N, indicating excellent correlation. ‘The line of best fit was er 


0.01177X — 0.7093, in w which Y is the rate of COs -produetion in be 
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A similar correlation coefficient and line of best &t were computed for a 
eae te tal of 8 runs involving 245 pairs of observations and are presented i in Table 9, ; : 
es in which Ym, is the geometric mean of the rate of COs production and Xp is 

_ the arithmetic mean of the temperature of the compost. The over-all correla- 
_ tion coefficient is 0. 791, indicating that good correlation existed for a number of 
runs in which the initial charges and other factors varied widely. : From: the 
tine al best fit (log fs = 0.01012 X -— 0. 4084), values of the CO, producti 


é 
¥ =0.01225 X —0,6660 
Log Y =0.01091 X —0.3908 
Log =0.00896 X —0.2715 
“Log =0.01177 X —0.7093 
Log Y =0.00989 X —0.3600 
Log X—0. 5626 : 


curacy. ‘This means a plant operator ¢ can fairly composting 
is merely by taking the temperature of the compost. These par- 
ti eal values, however, r might not apply to to continuous-flow u unite or to plant- 2: 

Fig. 8(b) a correlation and line of best fit for the 
moisture collected in the outlet gases and for the temperature of the compost. 
The moisture i in this case represents that which i is evaporated from the compost 
and that which i is produced by decomposition of the organic materials. 


‘| 


Line of best 


Log 007519 X +0.1614 
Y =0.008836 z-0. 1590 
=0.008837 X —0.1582 
=0.007410 


NOM Ergon’ 


to 


+ scatter diagram at run 29 includes six drums, each of which saben’ with ma- 
- terial having a different it initial moisture content. The r- r- value of 0. 751 with the 
Heal N-value of 30 indicates good correlation. The formula for the line of best fit 
ie is log Y = 0.008565 X — 0.0740, in which y is the H,O produced and evapor- 


2 ca ated, in pounds p per day per 100 Ib of volatile solids, and x denotes the rem 2 
ture of the compost in degrees Fahrenheit. 


The results of similar computations for a total of 9 runs with 287 pairs 0 
Per are given in Table 10. _ The over-all coefficient of correlation is 
1 


0. 827, an 0. 000142 x- - 0. 16 


pounds per day per 100 Ib of volatile solids and X isthe temperature of the 
= 
- 
— 
4a 
— a 


ING 
- Runs 24 and 27 were omitted from these computations because they were the 
aeration experiments, and because widely different aeration rates greatly affect 
the moisture evaporated. Fig. 9 shows the effect of changing aeration rates on 


poe the temperature of the compost. High air flows ‘evaporate ‘much more 
ea persons from the compost than low air flows, even though the temperature of 
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Temperature, in degrees Fahrenheit (X 


Fie. 9 .—Tus Errect oF VARIATION IN AERATION ON THE or H:O CTION 
was EVAPORATION WITH THE TEMPERATURE OF THE Compost 


the compost may | be the ai There is is no correlation | between the H.O which | 
is produced and evaporated and the temperature under these conditions. ‘The | 
~ lines for each drum were drawn by eye. Under conditions i in which aeration i 4 
in the optimum range, it is possible to predict the amount of moisture gi 
off in the outlet gases from the temperature of the compost. bie but 
Continuous analyses of the discharge rates of H,O and CO; were made for 


-9runs. . From these data, together with the loss in volatile solids and the oxygen 
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COMPOSTING 

, it was posse to solve an emi form 


lost, 3.81b) 6.1 duced, 7. 6 2.4 Ib) 

00; + 29 0: — 26 CO.t + 


‘The respiratory quotient ler the fenoguing is 0. 90. It is expected that these 


values will change with the raw materials and with the stage y and duration of 


in laboratory, batch- -type mechanical units in which aeration and stirring were 


a 4 provided. The period required varied from 4 days to 10 days during which © 


‘A time aerobic, thermophilic decomposition took place, producing ti temperatures 
_ of as high as 160° F. Carbon dioxide and water were the two major products” 


given off in the outlet gases and both correlated well logarithmically with the 
q temperature of the compost. . Respiratory quotients of from 0.87 to 0. * were 


obtained for the oxidation reaction. Duplicate runs made wit! with six units 


a. The rate of stirring the compost was not a critical viele and dheink 


Nic. rates of of from 0.1 rpm to 0.6 rpm or higher were satisfactory with the type of 
a 6. Optimum aeration rates, under the conditions tested, varied from 10 to 
j 30 cu ft of air per day per lb of 1 volatile solids. — Low er rates resulted in pro- 
longed ¢ composting, and higher rates resulted in the rapid cooling and drying 

¢. Optimum moisture content of t the refuse was from 55% to 69%. Mois- 
‘. tures of less than 50% and more than 72% did not permit optimum composting 


The compost produced was not completely ‘decomposed. _ Therefore, additional 
experiments are needed to determine if this compost is suitable for use as a soil 


- conditioner and humus, _as determined by both public health criteria and 


E: oa _ The writers gratefully acknowledge the assistance of Lawrence B. Hall ane 


— jula for the organic 
| 
| 
| 
iq 
he determinations of carbon 
Teva iho tna Lis Wyle for he in conduct 
ray, ILM. Af nce in conduet- | 
ing composting runs, oti lo a ud 


Preter R. valuable contzibytion to the fundamental « date, on 
_ formation. offered will be most useful i in certain shonin of work i in South Africa 
a - connected with the establishment of a semilarge-scale it Plant to study m more 
specifically the economics 
an _ Under the heading, ‘ Studies of Composting: Raw Materials and Method | 7 
_ of Procedure,” the nature of the raw material used in the experiments was indi- 
cated, and mention was made of garbage, residential refuse, and raw refuse. 7 
7 When the writer visited the United States (November, 1954) the i impression was 
“gained that the terms, “garbage” and “refuse,” were not synonymous. it is 
_ obvious, however, that the work conducted by the authors was confined to the 7 
use of garbage asthe main ingredient. 
In the preparation — of raw ‘materials for the laboratory experiments, — 
“* * * throwing out most. of the noncompostable items * * *’’ was accom- 
plished. This procedure would be in order when laboratory studies are con-_ 
ducted to evaluate certain chemical and physical factors of composting, but it | 
“4 
can become a major - operation when it is tried in commercial installations. edt 
Although it was mentioned that items such as manure and fish scraps were b- 
added to the garbage, it would have been interesting to see e more data showing 
the effect of protein additions on the initial C/N-ratio and showing how 
_ lowering the ratio might result in higher temperatures but, perhaps, ina greater 
vol The oven-drying method (105° C) for determining moisture leads to sub- 7 
. stantial errors because of the volatilization of ammonia which results in the — 
adoption | here of the toluene distillation of the Association of Official Agri- 
“ cultural Chemists. Have the authors considered allowing a bulk test sample 
to become air-dry, placing it in an airtight container, performing all the analyses - 7 
iad : on this. air-dry sample, and correcting for the residual moisture which is de-— 
-In the section, “Typical Composting Run,”’ ’ the initial acidic phase is 
‘mentioned. This is no doubt due to a fermentation causing fatty acids. ‘By 
‘the third day of the run, the acid-producing organisms were followed by the __ 
_ thermophilic groups, which were able to oxidize the organic acids as fast as they _ 


were produced and thereby correct the pH-factor to an alkaline condition. __ 


sting 


regard to the possible mineralization of the materials, the 
_ solids concentrations indicated that, when garbage contained from 90% to 93% ~ 
combustible material, mineralization during composting was insignificant. 
In conducting experiments with sewage sludge, grass, refuse, and other ma- — 
terials, the writer has found that volatile solids decreased from 42% to 25%. — 

However, | it would be interesting to see the volatile | solids ins the Savannah 7 
compost at 6 months and at 12 months. 


National Chemical Research Lab., South African Council for Sclentifie and Reseaseh 
Pretoria, South Africa. 
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WILEY-PEARCE ON HIGH-RATE COMPOSTING 


The and stoichiometric were informative an well 
~ an the section, “Physical Factors for Optimum Composting,” a thorough . 
_ study of the effect of varying the important factors of the rate of stirring, 
aeration, and moisture were presented and the optimum values for these factors — 
Were developed. Such data are of great value in designing large-scale plants, 
but the writer feels that the authors should have varied the Taw materials - 
» s more to establish whether these data can be a applied to different typ pes of wastes 
“ay was also shown that, in varying the rate o of aeration, the two extremes — 
should be avoided—that i is, ‘lack of oxygen and loss of heat due to overaeration. 
a It is probable that air control could be simplified by installing an instrument 
continuously y indicating in the exhaust gases f fromthe unit. 
Much remains to be done to increase technical knowledge of the complex 
hare biological mechanisms of composting, and it is hoped that additional research 
odd vd tiow s4i ted! avoivde 
=. Joun Witey,’* M. ASCE, anp Georce W. interpretation 
: - of the Savannah data and their application to plant-scale conditions, in accord-— 
“ ance with the South African experience reported by Mr. Krige, is very encour- 


in of the United States i in apnlied research in ‘the field of 

3 The writers agree that there is a necessity for more basic and applied research ‘ 

4 - before even a small pilot plant of the mechanical ig can be built in the United “ : 
(ah. An attempt is made herein to clarify some of ‘thie. questions raised by Mr. 


 Krige concerning the work done in Savannah. tains | ods re 


Refuse normally includes garbage. However, in the United States, sepa- 
a. rate collections are frequently provided—one for garbage and another one for | 
other refuse. J ‘The Taw has: been termed, “garbage and refuse,’ 

only one-third to garbage and has a high paper content, which 
- accounts for the high percentage of volatile matter. That part of the mixture 
which has been ‘composted contains no grass, tree trimmings, street sweepings, gs, 


i or similar items. \ However, it does contain paper, trash, and garbage icone oll 4 


The short, high- rate process paper and 


rs other cellulosic material. It primarily affects the garbage part of the mixture. — ; 
ya” ‘The sorting of noncompostable items would be a major operation ir in a full- q 


_ _ scale plant and not all the undesirable materials may be economically removed. 


‘Salvage, of course, may reduce or cancel the cost of such sorting. However , 


all equipment must be constructed to withstand the toughest and hardest ma- — 
terials likely to occur in raw refuse, despite the degree of preliminary sorting. 
Some hard objects may be desirable in a type of mechanical composting unit 
_ such asa rotary drum because they may provide additional grinding or crushing 


Senior San. Engr., Dept. of Health, Education, and Welfare, Service, Communicable 
Disease Center, Technical Development Labs., Savannah, Ga. 


Chief, Chemistry Section, Dept. of Health, and Welfare, | Public Health Service, 
municable Disease Center, Technical Development Labs., Savannah, j 
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nd WILEY-PEARCE ON COMPOSTING 


during composting, provide a more open structure for air circulation, and pre- 
vent the sticking of wet material to the sides. A A 110-gal rotary drum unit is 
(1956) being tested at Savannah. Ber ad} hoa be 
Concerning C/N-ratios of raw materials, more experiments are planned in 
. which the N-factor is increased in a a variety of f of forms. There must be a sizable 7 
‘Tange in the C/N-ratio. depending on the types of materials, i in which aerobic | 
- ‘composting may be accomplished without appreciable loss of ammonia. Some . 
observations have indicated it may be desirable to keep maximum 1 tempera-— 

- tures down, possibly to prevent desirable organisms from being destroyed. prank 3 
It is assumed that by ‘‘* * * substantial errors because of the volatilization — 
“of ammonia’ Mr. Krige means that these errors arise in the determination of 
either total or ammonia nitrogen rather than in the determination of moisture. 

ky error in moisture determination by the oven-drying method as a result of 
‘the volatilization of constituents } other than water, is believed to be smaller 

(1.0% or less) than the sampling error (occasionally more than 2. 0%). The 7 
=4 ‘volatilization of ammonia in drying may cause an appreciably low total nitrogen f 
value. _ At Savannah no nitrogen determinations have been made on either — 


Soups, or Dry W EIGHT 


WRI 
Initial Six | End of run (from After third reheat (from 
co Wibotti 6 days to9 days) | 26 days to 30 total days) 


q 


' 


fr fresh or air-dried samples; they have been made only on. oven-dried samples. _ 
_ A few ammonia determinations have been made on the liquid which con- | 
_ denses from the outlet gases because of the temperature drop from drum tem-— t 6s 
_ perature to room temperature. _ The values ranged from 0 ppm to 600 ppm — 
with average values for the run varying from 14 ppm to 260 ppm. However, 


these values should not be considered to be quantitative for either the outlet 


The shy pothesis presented by Krige concerning the phase of den 


Savannah composting 1 runs appears sound. A large amount of acid i is produced 
“because: it was \s necessary to add 16% Ca (OH) on a dry-weight basis to maintain. 
alkaline conditions whereas 50% agricultural lime (dry basis) had little effect 
on the pH or ‘the temperature of the compost. _ However, if there was sufficient Be. 
alkaline buffer to prevent. acid conditions, there was no temperature lag i in the 

‘The Opposite effect also occurs. When the pH starts tor rise and | the ‘tem- 
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PEARCE ON HIGH-RATE 


"a additions of glacial acetic acid, totaling 12. 12.3% of the dry weight of the com= 
=f post, resulted in fairly good control of the pH below 7.0. However, after the — 


_ additions were stopped, the pH climbed to more than 8.0 on the ninthday. = | 
With Tegard to mineralization, the writers have only determined 


solids: for a total composting time of from 26 days" to 30 days. — In the time 
_ subsequent to the run composting took place i in open cans. . Results of 6 runs, “ 
run with 6 units operating, are shown in Table 11. ack 
7 _ There is a considerably greater reduction in the percentage of volatile solids 
during approximately three weeks in open cans than in one week of composting — 
7 4 in the mechanical units. Unfortunately, the actual dry weight or the volatile- -- 
‘solids losses occurring in 1 the open-can composting were not ‘not determined. 
It is agreed that the optimum factors for must be 


_palibeess by various industries. It is hoped that some of the problems of J q 


; municipal refuse composting may be answered first. Then those problems 
-- encountered | in th the ) composting of va various ot! other r wastes sh should b be dealt with. - 
_ The consistency. of analyses of the raw refuse from Savannah has been su surpris- 
= ing. Enough experience should be gained with all types of municipal refuse 
_ before mechanical composting is universally recommended. — ‘With: reference to 
4 the raw materials, the’ writers do not emphasize the | C/N-ratio as has been done 
Estimates of optimum aeration rates were based on indirect 
ouch as speed of composting as indicated by temperature and pH, 
= losses in weights, and moisture and carbon-dioxide production. Oxygen 
utilized during a run was determined by taking the difference between intake 
and output. _ Subsequently, it was learned that moisture- -production figures £ 
have been low and that corrections will increase those values as well as the 
amounts of oxygen utilized. Direct — during controlled runs 
~q should provide an additional check o ferminations involving 
stoichiometric balance, as well as a criterion for judging optimum 
aeration | rates. it is known that moisture measurements in the outlet 


me compensating 


“ - showing the gross loss in dry matter. It is believed that the | earbon-dioxide 4 
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errors in the opposite direction so that the material-balance estimates are not 
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pay paper analyses the problem of ¥ or it is 
struct runway pavements uniformly thick across their entire width. . The fact 
. that traffic at many airports is concentrated at the center of the runway. 
actual transverse traffic distribution compiled by | observations made 
_ several large commercial airports, together with an attempt to relate this dis- 7 
tr 


ibution to the thickness of the runway pavement, is herein. 


wut During the e past ¢ decade there have eon great increases in airport, traffic = 
and in the size of aircraft which make up up this traffic. _ These trends have led be . 
to larger investments in airport runways. The spain of further airport 7 
expansions indicates the desirability of appraising runway design with a wre oo 
obtaining maximum load- handling capacity pe per dollar. } 
_ It is common practice to make the thickness of airport runway pavement a 
“uniform across the width of the runway. Observation of skid marks has indi- Be 
4 cated that traffic « on the runway is fairly well centered. The traffic distribution » 
; : for military airfields was observed in this manner by Hibbert Hill,* M. ASCE, — 
in 1945. The present investigation was therefore undertaken to datertaine the 4 7 
; ~ actual transverse distribution of traffic at civil airports and to relate this dis- 4 


fi 


. “Nore, —Published, essentialiy as printed here, in June, 1055, as Proceedings-Separate No. 720. Posi- 
tions and titles given are those in eflect when the paper or discussion was approved for publication in 4 


1 Prof. of Transportation Eng. and Research Engr., Inst. of Transportation and Traffic Eng., Univ. ni od 
of California, Berkeley, Calif. 


_ # Asst. Prof. of Civ. Eng., Inst. of Transportation and Traffic Eng., Univ. of of California, Berkeley, Calif, 
Discussion by Hibbert Hill of ‘Military Airfields: A | 
1945, pp.t758-763. 
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of traffic in a longitudinal direction, 
The Los Angeles, Oakland, and San ‘Francisco airports (California) were — 
‘selected for study. — Traffic distribution was observed and compared for day 
and night operations under both visual and instrument flight conditions. 
Phe transverse distributions were determined at three locations on the 
runway by means of electrical traffic detector tapes. These tapes, located 
600 ft, 1,000 ft, and 1,800 ft from the end of the runway, were capable of : 
4 determining the transverse positions of a wheel within 10 ft. From the dis- 
_ tribution of wheel loads an attempt was made to » develop a a design f for aed 
vavement for varyin thickness. 
_ The tape locations were selected so as to detect significant variations in the | 
distributions along the runway. q 


=) 


Observers station —>o 


eet search of the li Maiti disclosed previous work by the Civil Aeronautics | 


_ Administration‘ (United States Department of Commerce) i in which the touch- 
— down position, in terms of distance from the end of the 1 runway, was obtained | 
for nearly 1,000 landings. On the basis of these observations, positions for 
three detector tapes v were established (Fig. 1). It was anticipated that the 
- fe. first tape, 600 ft from the runway end, would detect the transverse positions 
of 100% of all aircraft taking off and approximately 20% of all aircraft landing. 
4 The second tape, 1,000 ft from the e runway end, would account for nearly 2 all 

= - take-offs and 65% of the landings. The third tape, 1,800 ft from the runway > 

end, would detect approximately 75% of all aircraft taking off and nearly all 


Airport Bulletin No. 1, Civil Aeronautics / Administration, U. les Dept. of Commerce, 

D. C., June 15, 1961." 
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RUNWAY PAVEMENTS 
had been studied at the Institute « of Tinndgartation ion and Traffic Engineering, — 
University of California (at Los Angeles), and a segmented electrical detector 
developed. The tape, shown in Fig. 2, consists of two spring-steel ele- 
ments which are normally held open by means of a gum-rubber spacer strip. ; 
The bottom contact extends throughout the length of the unit and serves as 
commen for all Il segments. The upper contact was r made i in 10-ft ft 


“Runway widths were 150 f ft and 200 0 ft. For adequate coverage each tape” 


was made 160 ft long and divided into 16 ‘Segments of 10 ft. Because many 
of the dual-wheel landing-gear assemblies are nearly 4 ft w wide, it was felt that 


- ald int 
gum rubber | 


Biued clock spring 


Segments 


Bottom contact: 
Blued clock spring steel 
vie = 0.015 in. 


‘Fie. 2.—Desten Derars or THe Derecror Tare 

‘The tapes were attached to the runway with rubber cement and ¢ covered 
with two layers of industrial adhesive tape. The units proved remarkably 
resistant to abrasion, and only occasional patching with additional adhesive — 
_ tape was necessary t to provide satisfactory protection for the electrical units. 


i A circuit was designed to indicate which segment was occupied by the left-hand a 


wheel of moving aircraft. The indicator, which was stationed opposite ae 
center detector tapes, consisted of 16 lighted neon tubes, each representing a 
_:10-ft segment of tape. As the left wheel of the aircraft rolled across a particular — 
 10-ft segment all tubes associated with segments to the left of the contacted — 
tape remained lighted. It was necessary to reset the neon-tube indication 
after the aircraft had passed each tape in ‘succession, but. the time between 
crossings of the detector tapes ws was sufficient to obtain. a reading and clear ‘the 
circuit for the next tape. ig 


Observations were made during September and October, 1953. At a 
airport, night and day movements both under visual and instrument conditions a fy 


a __ §“A Segmented Electrical Element for Detecting Vehicular Traffic,” by J. H. Mathewson, R. Bene, . 
and R. J. Reiss, Proceedings, Highway Research Board, National Research Council, W ee, 5 
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were for data recorded were time of 
4. 
< landing or take- off, type of aircraft, whether movement was made under v ere 
_ or instrument edaditions; and the appropriate indication of transverse position — 
as cor anions crossed each of the three detector tapes. Wind velocity and 
were reported to pilots. w 
“The runways on whieh traffic tapes were placed at the three airports 
‘af the eir principal characteristics are listed in Table 1. Total movements refer — 


Runway dy ‘Wide (oat) Length (feet) 
Metropolitan Oakland — 150 Ve 5,500 7 
San Francisco International. . . 200 #8 


to landings or take-offs. As all aircraft did all three detector tapes 
due to landing long, short take-off runs, or bouncing over a tape, the total 
movements of each tape a are not the : same as the a movements listed in in 


ANALYSIS OF OF 
results 0 of observations at the Los Angeles, Oakland, and § val Fran 


airports are shown in Figs. 3, 4, and { 5. Fig. 3(a) shows the distribution of 


(@) GOO 1000 FT FROM = ROM — 
— - END = RUNWAY — END OF RUNWAY END OF RUNWAY 
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Distance from runway center line, in feet Bary ont 


Fie. oF Wueet-Loap APPLICATIONS 


woe 

_ wheel loads across the principal r runway at mer of ‘the three airports : at a "point 


- 600 ft from the end of the runway. - Landings and take-offs during the day 
“4 and night and during conditions of good and poor visibility are shown, and the A 
number of observations at each airport is given in parentheses. The position — 

_ of the left wheel of the main landing gear as,it crossed the detector tape was 
_ observed in the field. The position of the right wheel was plotted 20 ft to the 
_ right. The actual distances between wheels varied from 18 ft to 28 ft. An 
analysis of | the traffic at San Francisco International Airport indicates. a 

2 eighted average | of ‘approximately. 23 ft as the distance between the main © 
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"RUN PAVEMENTS 
‘landing gears. for transport aircraft. The adoption of 20 ft as the average 
distance does not seriously distort the results. It was felt that plotting the © 
. distance between main wheels for each type of aircraft was } not warranted 
“because the exact p position mn of the left wheel was not known. ores Jy 
examination of ‘Mig. reveals the following: ‘che homiaioess 


cane Trafic i is concentrated within a 60-ft width of 1 runway at the three tape 


locations. — Less than 5% of the traffic occurs beyond these limits. = 

Dil The maximum percentage e of wheel-load applications i in a 10-ft Spee: 

occurred at Los Angeles International Airport, 600 ft from the end of the 

cae runway, and amounted to 28% 0 of the e total number of wheel loads recorded at 


~ 


this location. At Metropolitan Oakland International Airport the correspond- 


‘ing figure j is 26% and at the San Francisco airport, 27% 


To indicate ‘the - variation along the runway of the e transverse | distribution © 

; of wheel loads, the average of the observations at the three airports was plotted _ 
for each detector tape position as shown in Fig. 4. It will be noted that the :, 
_ patterns are quite similar, indicating that the transverse distribution of wheel a 

loads is approximately the same along the runway.. ‘tino eave svievieedte 
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for the development of a design proposalanaverage || 
-— & istribution was made to represent all the observations at the tl oo ware 


7 which best fitted all the observations was hastens and the chart was drawn. 3 
_ This procedure was used in preference to an arithmetic mean because the latter 


_ would not have properly accounted for the different numbers of observations - 


‘The data in Fig. 5 suggest that the pavement for the central coteenetion® ; 
a : of a runway could be e designed { for 25% of the total number of wheel-l -load appli-_ Ee 


— 
— 90 ft 


"Fe 
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Total observations: 3013 at ell 


ond Distance from: runway center line, in feet olf art noite 
4 


cations which the runway would receive during its economic life. The re- 
- mainder of the runway width “would be designed for 3% of the wheel-load 
- applications. It is recognized that 25% applied to the entire 60-ft section is 
_ conservative because only the 10-ft segment near the center line carries the 


— however, a finer becakiown é is not warranted at this time as only three 
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‘RUNWAY ‘PAVEMENTS 


might affect te pattern of wheel-load distribution on at runway; ; therefore, data iS 
on wind conditions and visibility were recorded in the field. An analysis of 


visual approach and an ‘approach ‘made under instrument 

Within the range of cross-wind velocities encountered, up to 16:miles 
per be, there was no observable effect on the pattern of wheel-load application. — 

In enerel instances, however, incoming g aircraft had to make several approaches 

in order to compensate for the wind before touching down on the runway. 

W hen they did touch: down, their positions were not materially different from 

ai In order to apply the data to the determination of pavement thickness it 
is snueeael to use design procedures which include wheel-load repetitions as 


a For the purpose of this paper the e procedure developed by F. N. Hveem and es 

his associates in the California Division of Highways* was used to show the - 

effect of wheel-load repetitions ¢ on pavement thickness. 005 

wi others have indicated that the destructive effect of wheel loads varies . 
the square root of the magnitude of the loads and that the necessary thickness 

of pavement varies as the logarithm of the wheel-load repetitions. The rela- 

tionship betw een wheel loads and repetitions used by the California Division — 

which W, and are the wheel loads and r; and the 

of wheel loads, W; and We. By: applying this relationship all wheel loads can 

be ‘converted to o repetitions of a . single arbitrarily selected wheel load. <a 
Z _ example, to learn the number of repetitions of a 50,000-lb load which would have | 


the same destructive e effect: as 10,000 ‘repetitions of a 20,000- Ib load, the pro- 


cedure be as follows: 20,000 log 10, 000 = 10, 000 = 50,000 log T'50,000 
The equation for pavement thickness developed by the California Division — = 
Highways, presented i in nomograph form in 6, feptia 000.021 

bwrel leeds - 000-0182 wr 


_ *“'The Factors | Underlying z the Rational Design of Pavements,” by F. N. Hveem and R. M. Carmany, — 


Research Board, National Council, Washington, C., pp. 101. 
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“_— | ‘are conservative in that traffic loading will be less at the upwind end of the — 
a, 4 | __ runway than at the end at which most landings and take-offs occur, 7 a. 
— 
tion 
—— 
“tas | St There was no significant difference in the pattern of wheel-load applica- ae 
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: in which T is the dhiatnens of pavement, in inches; K = = 0.016 for best st correla 


tion with test track data; P designates contact tire ‘pressure, in pounds per 

sf 4 square inch; a represents the contact tire area, in square inches; r is the number 
of load applications adjusted to an arbitrarily selected wheel load; R represents _— 
_ resistance value of the subgrade (scale 0 to 90); and c is the tensile strength of _ 


as measured by the cohesiometer, ath 


thickness, ininches 
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Suppose, as an example, a runway is to be designed as a flexible-type pave-_ 
r, - ment for 180,000 aircraft movements annually. Assume that the bearing 
Y capacity of the subgrade in terms of resistance value R is 35, which is yaad 
‘mately equivalent to a California Bearing Ratio of from 5% to 6%. 
- economic life of the pavement i is assumed as ten years, making the total Bol 
of wheel-load applications on the runway 3,600,000. A record of landings and 


3 take-off at the e field indicates t that the new runway will be used by aircraft © 
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iy or the purpose of this problem it is assumed that the weight of the aircraft — 
is distributed equally between the two main wheels and that the average | tire 

contact pr ure is 100 lb per sq in. in 

_ The central 60-ft section of the runway is to be designed on . the bela of the © 
wheel-load applications on the critical | 10- ft cer _ central segment. This segment — 


carries (257% (900, 000) of the total applications. § the outer is 


90,000 
3 135,000 


i ibs 50, 000-Ib load was chosen arbitrarily as the common | denominator for 


- the determination of wheel-load applications for use in the formula for pave- 
é ‘ment thickness. The result would have been the same regardless of the wheel 7 
load selected. The equivalent repetitions of a 50,000- Ib load were 


previously described, and the results are in Table 


«Using the nomograph (Fig. 6) a pavement thickness of 36 in. for 482,000 — 
ri applications of a 50,000- “Ib w heel load, an R-value of 35, a cohesiometer value y 
of 300, and a ‘contact pressure of 100 lb per sq in. are obtained. _ Similarly, 
for 48,000 applications of the same wheel load, a pavement thickness of 30 in. — 


the thickness and character of the surfacing and the base; it can vary from a _ ca 
little more than 100 to as high as 1 000. | For: the purpose of this problem a an Zz 
value of 300 was Selected to represent the combined tonite strength of the — 


The pavement thickness derived by the is conservative. Inas- 


as assemblies used on transport aircraft are not more 
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a 4 ft wide and the detector tapes were in 10- ft segments, the \ wheel loads 
a (as was assumed in the computations) are not. applied to the same pa ‘4 
_ area in a 10-ft segment with each aircraft movement. ss 
ead suggested pavement cross section based on the foregoing analysis is shown 
in Fig. 7. It consists of a 60-ft central section of 3 in. . of bituminous plant mix, 


2 


‘Base Course 


tot 

= 


‘in. of f aggregate course, and in. of selected quarry-run ma- 
terial. The outer sections of the width consist of 2 in. of bituminous 


) 7 inf In n order to give a an indication of the saving in cost which might be ae al q 


by  variable- thickness section as ‘compared with a uniform section, costs 
estimated for a runway 200 ft wide and 8,000 ft long with alternate pavements: — 

(1) A uniform thickness of 36 in. and (2) a thickness of 36 in. i in the central © 

sh 60 ft and a thickness of 30 in. in the remaining 140 ft. _ These « estimates are 


owe 


060, ral thickness pavement. 621,000 as 


wa 


these current prices ir in the he San Bay area were 
a used—namely, $6.50 per ton for bituminous plant mix, $2.60 per ton for 


stabilized aggregate base course, and $1.50 per ton for select material. => 


ma The foregoing analysis indicates | some measure of the saving in cost that 


= 


plant mix, 7 in. of stabilized aggregate base course, and 21 in. of selected quarry- b | i 


— 
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3 | 
possibly could be made by taking into account the variation of load applications 
ee 


Seka ais 
te dente, of re native ‘soil, the magnitude of the wheel loads, ‘and the 

amount of traffic expected. 


the sake of simplicity the cost for the fa fact 


‘that at taxiway connections to the runway it may be necessary to have the 


same thickness of pavement ai as the central 60-ft section. feiss ci, 


used for the example primayily because of the familiarity of the writers. with | 
a this method. © The basic data collected on wheel-load applications are applicable Pa 
; to any pav vement ent design procedure which r recognizes repetition | of load as a 
ie he data presented in this paper were intended primarily for use in the 
‘design of civil airfields. On many military airfields, groups of two or r three 
aircraft use the runway simultaneously. In such cases the pattern of load 
distribution would be different from those shown in this paper. ee 
» In Fig. 7 there is suggested a pavement section which abruptly changes 


from one thickness to another. In some cases a gradually tapering 


is of such width that substantial savings in anh may y be effected by taking into 

account this variation in wheel-load applications i in determining the thickness — 
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aii Rocer H. M. ASCE. —The pavement- thickness re- 

duction in the example amounts to 16. 77%, whereas the reduction of plant: mix 
iw 33.3%, the reduction of base course is 22.2%, and the reduction of select 
_ material course is 12.5%. Because the wearing surface is important in the 
durability of a properly designed and constructed pavement, the relatively 

large reduction of this course in relation to the reduction of the other courses _ 
and to the over-all reduction appears questionable. 
The cost of excavating existing subgrade to place the thicker sr select mate- 

rial i in the center section and the cost of common fill in the exterior ‘sections, 

or both these costs, should also be included in the cost comparison as well S| 


any increase in contractor bidding cost for placing the layers of varying : 


JOHN F. Repus,® A. M. ASCE. —The authors are to be congratulated on a 
_ well- conducted study « of a timely ‘subject. The volume of current airfield 
construction requires the expenditure of large sums of money. _ Any means of 
reducing costs without impairing the ability of the pavement to function 
properly is certainly necessary. dibia tous 
ss Messrs. Horonjeff and Jones have mentioned that the traffic patterns on 
_ military fields might be different from those on civil il fiek ls. Traffic distribution | 
military fields will be examined herein. j 
The Waterways Experiment Station of the Corps of Engineers aa 
4 States Department of the Army ) conducted a traffic-distribution study on 
military airfields (circa 1945) which was ¢ designed to determine the amount of 
on traffic airfield pavements received so that proportional amounts could be 
applied to accelerated traffic test sections; this study has been summarized : 
® To determine the distribution of landings, tire marks: a counted i in 10- ft 
lanes across the width of the pavement at several places on each of the 28 
fields that ; were studied. The runways were 150 ft wide, and the fields were 
in three groups according» to the gross ‘weights of the predominant — 
_ planes as follows: (a) Less than 10,000 Ib, (6) about 30,000 Ib, and (c) about | 
: ~ 60,000 lb. It was shown that the w idths of the pavements in which 75% of 
the landings were, for the three groups, 85 ft, ft, and 50 ft, re- 


proximately 40 ft ‘Pig. at the fields observed by authors. This 
4. believed to compare favorably with the value shown for the planes in group 
(c) considering that these fields were training fields for the most part. 


a Prin. Civ. Engr., Metcalf & Eddy, Cons. Engrs., Boston, Mass. ree AD ; 

General Section, Flexible Pavement Branch, Soils Div., Waterways 
Station, of Engrs., U. 8. Dept. of the 
_ #"Development of CBR Flexible Pavement Design Method 4 Airfields : Design Curves for Single- 

— Loads: A Symposium,” by C. R. Foster, Transactions, ASCE, Vol. 115, 1950, p. 526. ee? — 
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REDUS ON RUNWAY PAVEMENTS 1047 


Using the foregoing distribution and records from control towers of landings 
and take-offs, the number of coverages applied to the central section of a run~ 

way was ‘computed by assuming uniform distribution over the central section. 
Although the distribution is not exactly uniform, it is approximate enough for — 

: this assumption to be made. _ These studies showed that, under intensive 
training conditions, the central section of the most used runway of a multi- 7 
runway field generally received tipgieetntaitatiity. 4 5,000 coverages in a five-year 

~ Runway traffic on take-offs is slightly different from runway traffic on 

‘landings. _ A single plane taking off alone tends to use the central section of 

- the runway—the width used depends on the type and spacing of the main 
landing gear. However, take-offs are made on numerous fields with planes in a 


pattem, 


It can be seen, therefore, that traffic for military planes with a particular 
“landing gear falls into a rather well-defined pattern. If it could be e established — 
that the planes using the field for the life of the pavement, will be of a given 7 
type and that no w idening of the pavements will be necessary, then a non- 7 
uniform cross section could be designed which would reflect: considerable 


Since about 1952 guide lines” have been painted on taxiways and apron 
taxilanes to aid pilots in keeping \ wheels on the pavement and to clear parked ~ 
aircraft; ; this has resulted i in | “channelization” ” of traffic. | ‘However, insufficient 
data a are available to enamine channelized traffic i in this paper. isiiare ut pisio. 


monn RT AND Joun JONES," _ASSOCIATE 


feel that it is justifiable because the amount a traffic on the outer section of 
_the runway is negliglble, as demonstrated by tests. At many airports through- 
out the United States the ; asphalt thickness is only 2 in. n. and has proved satis- 7 
factory. The Civil Aeronautics Administration has recommended the use of 
2-in. surfa acing for certain classes of airports. — The writers feel t that t there i is little le 
2 need for - placing a heavy thickness of asphalt i in areas where there is only oc- 
casional traffic. Asphalt surfacing requires kneading action to prevent it from 
becoming brittle. It is considered that that many cracks on the outer section of — : 
he ys are due to lack of kneading ac action and are not due to traffic. trem fa 
_ a The cost of excavating the subgrade should be included in a comparison of — 
costs for a specific project. — be «Tt was felt, however, that this was not apne 
for the generalized comparison. F urthermore, if the site requires both excava- 
tion and embank ment, t the profiles for the suggested design might be established 7 


a The opinion of the writers is that the traffic pattern at large int nel. 
is fairly well established because it consists mostly of transport aircraft. In- 


. te Prof. of Transportation Eng. and Research Engr., Inst. of Transportation and Traffic Eng., Univ. 


u ' Prof. of Civ. Eng., 
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HORONJEFF-JONES ON RUNWAY PAVEME ENTS” 
_ terviews conducted with several pilots have indicated that every effort is made © 
~ to land on the central section of the runway. Pilots often execute a “‘missed-— 
approach procedure” in order to avoid landing on the outer section of the run- 
way. _ From the ‘standpoint of safety there are many reasons for keeping the — 
aircraft i in the central section of a ‘runway during take-offs and landings. A 
_ staggered pattern of take-offs is of course not permitted in civil operations. 
q Consequently, as Mr. Redus _— indicated, the patterns at civil and d military 
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FAILURE OF PLAIN CONCRETE UNDER. 


Boris BRESLER,? AL M. ASCE, AND KARL 'S.: PISTER,? 


Discussion BY Messrs. Frank A. AND F. DoNALD 


BERESFORD; Pau Rice; Henry J. Cow: AN; AND 

initial phase of an investigation of the failure of plain concrete under 


plain concrete, hollow tested under varying combinations 
torsion and compression. Data obtained from these tests indicated a direct 

- correlation between normal and shearing octahedral stresses at failure. Within 
the of available data, the octahedral- “stress: criterion was generalized to 


ont 


was to be in in satisfactory agreement with the previously reported 


o combined stress is 
considerable importance. considering the failure mechanism of 
Feinforced concrete or prestressed concrete, it has often been stated that rein- 
‘0! ae _ forcement o or prestress alters the nature of the material and therefore changes 
criteria ‘of failure. course, ‘bond between concrete and reinforcement and 
deformation in the reinforcement are important in the development o of the failure oie 5 
mechanism. reasonable a: assumption, however, is that the conditions pro- 
| ti local failure in concrete are essentially the same for both plain and re- — 


— —Published, essentially as printed here, in April, 1955, as Proceedings-Separate No. 674. - Posi- — 
tions and titles given are those in effect when the paper or discussion was approved for publication _ 


Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. 
Aast. Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. 
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inforced. concrete. Therefore, knowledge of the conditions producing local 
failure in plain conerete should lead to a better understanding of the failure — 
mechanism in reinforced or prestressed structural 
Be Formulation: of failure criteria for concrete has received considerable : atten- 
‘ tion. In engineering practice the most commonly proposed theories are those 
of of maximum stress, internal friction, and maximum strain. However, the 
maximum-stress theory is unsatisfactory beeause it fails to agree with « experi- 
mental data for biaxial and triaxial states of 
_ Mohr’ s generalization of the internal-friction theory has been proposed | for 


eer 


conerete.®? 6.7 Correlation of this theory with experimental data, however, i is not 
4 a satisfactory, partly because of the approximation involved in the 
_ assumption that the failure criterion is independent of the intermediate prin- 
tty stress. C. Torre* has demonstrated that for a given material there are as_ 
as 


in which o}, and are principal stresece. It follows that construction of a 
] Mohr envelope from test data in which a is not constant cannot be justified. 
‘The maximum-strain theory of failure is based on the premise t that failure 


q 
occurs when either maximum tensile strain or ‘maximum compressive strain — 


reaches a limiting value. For linearly elastic and isotropic materials this theory _ 
ee leads to a simple mathematical formula. In the cases of inelastic and aniso- 
tropic materials, such as concrete, this theory is not readily applicable. Ap- 
proximate criteria of failure in terms of maximum concrete strain have been 


proposed for in concrete members.’ _ Comparison of these 
= 


Henry J. Cowan,” A.M. ASCE, has on two distinct 
-. typ pes of failure of plain concrete. . According to one criterion, associated with a 
cleavage fracture, failure is governed by maximum tensile stress or strain. The 

we other criterion, associated with crushing strength, States that failure is governed 
essentially by the Coulomb internal friction law. x Mr. Cowan’s experimental 


af “The Inelastic of by A. Freudenthal, U. 8. National, 
Cong. of Applied Mechanics, Chicago, Ill., 1951, pp. 641-646. 
__4“Strength of Conerete Under Combined Compression and Shear,” by E. Wollak, 
to the University of California at Berkeley, in 1951, in partial fulfilment of the requirements for the degree 
Study of the Failure of Conerate Under Combined Stresses,’ by. F. Richart, 
_ Brandtzaeg, and R. L. Brown, Bulletin No. 185, Univ. of Illinois Eng. Experiment Station, Urbana, ; 
“Shearing Strength of Concrete under High Triaxial Stress—Computation of Mohr’s Envelope as 
: Curve,” by G. fhalmer ae Research Lab. Report, S. P. No. 23, Bureau of Reclamation, U. 8. Dept. 
7 291 _1“Uber der Scherfestigkeit des Betons,” by A. Leon, Beton und Eisen, Vol. 34, 1934-1935, pp. 130- 135. 
_8 “Einfluss der mittleren Hauptnormalspannung auf die Fliess und Bruchgreuze,” by C. Torre, Oster- 
reichioches Ingenieur-Archiv, Wien, Vol, 1, 1947, pp. 316-342, 
*“A Study of Combined Bending and Axial Load in Reinforced Concrete Members,” by E. Hognestad, 
Bulletin No. 399, Univ. of Illinois Eng. Experiment Station, Urbana, IlL.,1951. 
“The Strength of Plain, Reinforced, and Prestressed Concrete Under the Action of Combined 
«Stresses, with Particular Reference to the Combined Bending and Torsion of Rectangular Sections,” "by 
cote i os Magazine of Concrete Research, No. 14, December, 1953, pp. 75-86. _ 
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COMBINED D STRESSES: 
data” are to concrete elements subjected to bending 
torsion and are insufficient for for evaluating | the validity of his hypothesis of 
failure for plain concrete. otuliat (660!) 

_ Inan effort to account for the heterogeneous nature of concrete, A. Brandt- 

- gaeg,! M. ASCE, has developed a theory based on an idealized (model) 
a structure of | the material. This theory is limited to cylindrical states of Sanu 
that is, two of the three cidiatiniek stresses are equal. _ The possibility of distinct 9 

shear or cleavage failure is considered. This theory defines a stress-strain — 
_ Telationship and a “critical” stress corresponding to the ultimate strength of _ 
the material. A series of biaxial and triaxial tests of concrete, conducted by F. 
_-Biehart, A.M. ASCE, Mr. Brandtzaeg, and R. L. Brown, J.M. ASCE, indicated> 
- _ reasonable agreement with Mr. Brandtzaeg’s theoretical stress-strain relation- | 
- ‘ship for stresses below the critical value, but showed significant discrepancies _ 
af betw een the critical stress and the ultimate strength, 
“Yor A. Freudenthal, ASCE, has examined* the problem of formulating 

failure criteria for concrete and has. pr proposed : linear equation in terms of 

effective stress, and mean stress, as plat rob lo 10 
c 


of the material. To verify Eq. 2 for biaxial 
hi of stress, Mr. Freudenthal performed a series of compression tests on notched ~ 
ve cylinders. As noted by Mr. Freudenthal, it. is doubtful that the notch stresses 
computed by elastic theory actually develop at failure; therefore, experimental 
evidence presented cannot be considered conclusive. 


” ‘Tn addition to the theories discussed previously, various energy criteria for 
failure have been proposed for brittle materials." A. Griffith has proposed a 
_ fracture theory which considers the effect on the ‘total energy of the formation = 
of f macroscopic cracks within the taterial. For two. cases of plane stress, 
assuming the cracks to be elliptic, Mr. Griffith obtained a theoretical 
strength 0 f fracture. It may be noted that for materials that exhibit non- : 
linear eeeeelty, Mr. Griffith’s theory is not interpretable in terms of elastic- 


strain energy. Likewise, for materials : subjected to three- dimensional states of _ 
stress, the solutions for plane stress become approximations. The philosophy 
_ expressed by Mr. Griffith’ 8 theory seems to have found utility in the studies of 
failure of cast iron by J .o . Fisher r,15 A. M. ASCE, and R. C. Grassi and IL 


_ Cornet. 16 A preliminary i inv betigntion by E. Wollak,‘ J.M. ASCE, revealed that 


i ‘Reinforced Concrete in Combined Bending and Torsion,” by Henry J. Cowan and S. Armstrong, 


_ Preliminary Publication, 4th Cong. of the International Assn. of ‘Bri ges and Structural Eng., Cambridge, 
‘18 "Failure of Material Composed of Non-isotropic Elements,” by A. Brandtzaeg, Norske Videnskabers 
Selskabs Skrifter, No. 2, Trondhjem, I. Kommission Hos. F. Bruns Bokhandel, 1927. _ CAO PTO Jpn 
_ '8“'The Phenomena of Rupture and Flow in Solids,” ‘by A. Griffith, Philosophical Transactions, Royal 
Soe. A London, Vol. 221, 1920-1921, pp. 163-198. 
&“Der Spannungszustand an der Fliessgrenze 
< Angewandte Mathematik und Mechanik, Berlin, Vol. 6, 1926, pp. 199-216. 
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“Fracture of Gray Cast Iron Tubes under Biaxial Stresses, by R. C. I. 
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COMBINED STRESSES 


for concrete the of the experimental ‘evidence with 


Griffith’ s theory is not entirely satisfactory. 


Existing (1955) failure criteria for plain concrete are neither adequately 


substantiated nor disproved. Most of the experimental ‘data concerning the 


4 strength of plain concrete have been obtained for specimens subjected to (a) 
4 uniaxial, biaxial, or triaxial compression; (b) uniaxial tension; and (c) flexure. 
— the best of the writers’ kawulodes, deta on failure of colette subjected to 
a. shear-compression states of stress have not been obtained previously. To ob- 
tain experimental evidence for these states of stress, 24 hollow cylinders were | 

@ tested under varying combinations of torsion and compression. The objectives - 
of these tests were to obtain further verification of the various existing theories 

_ of failure, to correlate the new data with previously reported investigations, 5 


> fp and to assist in formulating a more e general criterion of failure. ’ Data obtained 


from these tests indicated a linear relationship between normal and shearing 
octahedral stresses at failure. Previously reported data for biaxial states of © 
stress agree reasonably well with the established linear relationship, but data 
for triaxial states of stress deviate from it. This deviation is shown to be re- 
lated to the third invariant of the stress tensor, devotions 


ed form of failure criterion based on octahedral ules and on the 


generaliz 
third stress: invariant is proposed, and physical sical interpretations are 


-eylinders (9-in. “outside diameter, 6-in. inside diameter, 


al ratio of water to cement of 0. 6 by weight. sf The maximum aggregate size used — 
i in., and the slump averaged approximately 2 in, All specimens were 
cured ‘at 100% and 70°F and were tested at an age of 14 days. 


30 in. long) were made using mix proportions of 1:2.9:3.1 by weight and 


in compression ang an age e of 14 days. ‘The a average | compressive e strength of 
these cylinders was taken as f’, for the particular a 


testing machine using a loading rate of 10 kips per min. © Pure-torsion tests | were 


Compression tests of hollow cylinders were made in a -kip hydraulic 


made using special loading and anchor arms which were attached to the speci- — 
men by steel bands. The load was applied by use of an 8-in. screw jack, and e 
the torque was computed as the product of the jack load and the lever art arm 


(451 in.). ‘The load on the jack w was measured by use of a calibrated proving ring 


with SR-4 strain gages. Combined loads were obtained by using the e torque 7 


and a testing machine, as shown i in Fig. lL 


a then the roa was applied to produce failure; the compression load was 
kept sensibly constant during the test. The specimen was carefully centered 


- the nei of the specimen and the head of the machine. _ These bearing plates _ 


permitted oreerement, of friction torque during. the test and, although this 


in the — machine, and the load was applied through a spherical bearing ri 


— 
a 
— 
— 


never exceeded 4% of applied torque, the actual | torque on the specimen was 


- pical failures ‘obtained i in this ‘series of tests are shown in Fig. 2. The 


-pure-torsion specimens exhibited approximately 45° helical fractures asa result 
of ‘diagonal tension (Fig. 2). Under combined loadings, the specimens failed 
4g by helical cracks, the helix angle of which varied from 1 19° to 34° depending on 
the compression load. Pure-compression failed slong. irregular 
vertical, inclined, » or cireunforential cracks. 


So 7 


plates 
4 


 Fricti tarot 
bends 


Bed plate 


Pure Torsion and = Pure 


Stresses at failure were computed from the measured loads by use yp Ma; 


average ‘values of the compressive, , and T, stresses at failure, the 


nominal compressive Fer and the helix angle of the cracks are 

he “compressive was computed | by assuming g that the load was 

i pace axial and that the stress ss distribution was uniform over the. entire cross 
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the shear stress at failure would be aaeiieatiie 85% of the value given “a “ 
elastic theory. However, the actual shear stress at failure is somewhere 
ims een these limits and it is approximated herein by elastic theory. 


less ratios are plotted i in Fig. 3. _ With few exceptions, the data followed ait 3 


J ial 02/06, were computed for each indiv idual specimen, and these dimension- 


Shearing atreas, ¢ comp) cessive 


strength, 
in pounds per in pounds per in pounds 


square inch square inch “square ine 


ae 


_ Upon averaging results of test group 9, it was found that o- was equal to 86.6% of the value of f’. ‘ 
determined from tests of 3-in. by 6-in. control : mat Based on this relationship, o-values were 


tern does not agree with either the stress” or Coulomb's 


“02 03 04 06 07 08 09 


normals make equal angles - with the principal stress axes (Fig. and are 
- AL — + (02 — os)? + (03 — 


op 
= % 


“Theory of Flow ‘and Fractures of Solids,” by A. Nadai, McGraw- Hill Book Co. . Ine. New York, 


— 
j 
I 
— 
. T, are the normal a 
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dimensionless ‘phot of Eq. 6 for the test data is shown i in Fig. 5. “Fitting 

- straight line to the data by connecting the points obtained by averaging results 


pure torsional tests and pure compressive tests yields 


_ To test t further t! the validity | of Eq. 8, results of a number o of tests. in which 
concrete was subjected to combined states of stress were considered. 
particular interest are biaxial tests* and triaxial tests.** The principal charac- 
| ___ teristics of the . specimens and the test conditions at are summarized in Table 2. 
+ - The data in Table 2 represent concretes of different as ages, mixes, , strengths, 
7 and moisture conditions at the time of test. The effect of these varyingcharac- 
ilure criteria cannot be i] Tn this analysis 


‘Value of T, /O, 


= 

wat 


compressive ‘strength, Ge, is to account for the difference i in the 
As previously indicated, for hollow ‘cylinders was 


the specimens | in ‘Cols. .2 and 3 of Table 2, oe was via as the compressive 
strength of corresponding control cylinders, and for Col. 4, Was taken as the 
compressive strength of unnotched control cylinders. 
Octahedral stresses, and 7», at failure and ‘dimensionless ratios of and 
were computed for individual spec imens, and av erage stresses and ratios 
were computed for groups of identical specimens. These dimensionless ratios are 7 
plotted i in Fig. 6. Considering the heterogeneity « of concrete and the variations .- 
‘in the type and in the conditions of tests, the scatter of the data is not signifi- 
cant. Furthermore, it appears that the data in the biaxial stress range can be — 
- adequately represented by a straight line, but those data corresponding to a - 
_ triaxial states of stress deviate appreciably from the assumed linear relationship. 
Because the third invariant, Is, is identically zero for biaxial states of stress L: 
and is not zero for triaxial states of stress, it appears ‘plausible le that the de deviation a 


| 
— 
by 
a 
— 
ose 
~ 
> 
are 
ive 
7a) 
: 


Bes: Ina general case, any imalaie. symmetric function Stadion on state of 
_ stress—for example, a criterion of failure—is completely defined in terms of the - 
_ three principal stress invariants. _ Therefore, : a generalized failure criterion can : 


Specimen: Type Cylinder | Notehed 
ey Length, in inches 


8 
Diameter, in inches 


Type of loading Triaxialé¢ | Triaxial 


4 ty 

W. oter-cement ratio 

Caring Humidity, in %... 

Temperature, in °F 

Duration of curing, in days J 23 
Age, in days 85 and 97 
Test conditions Oven dry 


3,570 to 3,950 | 2,960 to 9, 360 


"A Study of = Failure of Concrete Under Combined Com agente © Stresses,"" by F. Richart, A. 
Brandtzaeg, and R. L. Brown, Bulletin No. 185, Univ. of Illinois Eng. Experiment Station, Urbana, Il, 1928. 
q of Concrete Under High Triaxial Stress-Computation of Mohr’s Envelope as a 
a Curve," er, Structural Research Lab. Report, 8S. P. No. 23, Bureau of Reclamation, U. 8. Dept. 
of the Washington, D. C., 1949. «©The Inelastic Behavior and Failure of Concrete,” oy A. 
Freudenthal, Proceedings, Ist U.S. National Cong. of Applied Mechanics, 1951, pp. 641-646. 
4Series 2 and 3B omitted because of uncertain results caused by mechanical difficulties.’ * Tests with 
* sustained load and fast loading rates are omitted. rhe % 


q This concept has been applied to the development of yield criteria for plastic 
‘materials by W. Prager, M. ASCE, and P. G. Hodge."* Octahedral stresses de- 
d fined by Eq. 7 . 7 may al also be expressed in terms of principal stress invariants, + 4 


The failure criterion defined by Eq. 6 can be written as mar vine aie y. 
danoitelot I;) = 0 me 2) 


2 18“Theory of Perfectly Plastic Solids,” by W. Prager and P. G. Hodge, John Wiley and Sons, Tne., 
a rk, N. Y., 1951, p. 22. 
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- Therefore, a generalized form of the failure criterion given by Eq. 9 may be - 


‘ 


2 


4198 


ST 


= 


— 
i a 
— 
7A. 
pai | 
— 

Wit { | | | | 

— 
@ 
— 
— 
as 
De 
pwith imi 
ioe 
— 


e data 
iate straight line defined by Eq. 8. deviation, 
denoted by 6 in Fig. 6, can be e computed from test data. + ‘In terms of the pro- b 


Posed falure criterion, 6 represents the difference between Eqs. 15 and 14: 


Correlation between computed values of and corresponding 
1;/0*, would support the generalized failure criterion proposed i in Eqs. 12 and ~ 
13. A logarithmic plot of 6 and J;/o*, (Fig. 7) indicates a satisfactory correla- 
a between these parameters, providing some ev ridence for the validity of of the — 


ag =| fa} is 
A of failure for concrete has been proposed in Eq. 13. 
_— Eq. 13 indicates that failure occurs when the octahedral shear stress, 7,, reaches 
a a limiting value which is a function of the octahedral normal stress, a, and the 
third stress invariant, Ie. validity of this criterion is limited to the case 
- in which (a) a single loading to failure is considered ; (b) the duration of loading - 
a is relatively short; (c) the octahedral normal stress, ao, is compressive or zero; 
and (d) the stress distribution is approximately uniform. © Evaluation of the 
xy effects of repeated c: cy rcles of loading, sustained loading, octahedral tensile stress, ‘ 
» = nonuniform stress distribution requires additional experimental evidence. _ 
2 lice: There is no direct consideration of the effect of composition and structure of 
q the material, ‘rate and manner of loading, type and size of specimen, “stress 
history, and volume changes depending on stress, humidity, and temperature. _ 
To obtain a criterion which would take into account these various factors ; 
“requires: know ledge « of the | phy: ysical and chemical structure of concrete bey ond 
that presently (1955) available. research to determine 


sis of appears to | be the most fruitful approach. 

_ An interesting physical interpretation of ‘the octahedral shearing stress" 

_ has been noted by V. V. Novozhilov. Consider, at a given point, the shearing 

P "stress, 7, on a plane defined by : a : eal whose direction cosines referred to 

. « principal axes are 1, m, and n. In terms of the ae stresses and the 


-square shearing stress, on closed surface, S, containing the 
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In general, the value of Te will on the surface, S, over which the 
tion is performed. However, by choosing S to be the surface of a sphere of 
radius, r, all possible directions are weighted equally, and an “average” shearing 
stress at the is he of ‘Eq. 18 leads t to 


Eq. 19 indicates t that the “average” ahi stress, ¢ a, differs from octahedral 
shearing stress only by a numerical constant. ‘Using this formulation and 
noting that the octahedral normal stress, a, is the av erage normal stress, the 
criterion of failure given by Eq. 8 can be written : as Sirti arsenal 


For the biaxial states of stress considered, failure a ee on the e magnitude « of 
= 


the average shearing and normal stresses. 


failure criteria proposed herein are entirely phenomenological. How- 
ever, some of the parameters used in these criteria may be associated with : a 
physical interpretation of the failure mechanism. The types of possible = 
failure that can be considered are (1) slip between grains, (2) slip within a grain, 
(3) cleavage between | grains, and (4) cleavage ¥ within a grain. | It seems plaus- _ 
ible that such failures may be associated with the average shearing and normal | 
‘Stresses as defined iby Kq. 20. In cases of triaxial compression, » deviation of 
experimental data from the ‘simple relationship of Eq. 20 may be associated | 
with the limited effectiveness of grain interlocking i in increasing the resistance — 7 
ined Other interpretations of failure criteria based on vennabdeastlons of strain o 
energy are possible. Verification of such formulations may provide some use- 
ful information regarding the 1e mechanism of failure in concrete. It seems, 
however, that. , until the intragranular and intergranular behavior of concrete _ ‘ ° 
under load is better understood a phensmenclegieal « — of failure, such as 


Proposed herein, is the most satisfactory. rut ot gins 
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03 FRANK A. ‘BLakey™ and F. ‘Dowat 1] — Numerous tests have 
been performed by the writers on 1 plain concrete beams, disks, and slabs” 
arranged so that the failure under uniaxial tension, equal tensions at right 
angles, and | equal compression and tension at right angles on concrete could 
studied. = The full details of these tests a are available.” * As ar result of 


these tests the formula governing the fracture of concrete was proposed in 


in which ¢ is the failure stress of concrete in bending in all 


it is assumed that = — 100. This assumption is supported by the 


‘results in Fig. 3, but other ratio for and o would only alter 
_ the coefficients of the terms, o J; and o%, in Eq. 22 but not change the agree-— 
ment in the general fmm te between the hypothesis of the authors. and that of 


ow _ This agreement in form can be demonstrated further if the physical inter- 


pretation of the stress invariants is considered. 
 Tfeis the volumetric strain or dilatation and U, is the shear-strain energy — 


J L 


which | E is the of p is Poisson’ 8 valid) “If these 
_ relationships are substituted in Eqs. 21 and 22, ‘it will be found that — oalaabew — 


vo. 


Senior Research Officer, Div. of Bldg. Research, and Industrial Research 


Organization, 
Tensile Strains in Concrete,” Pt. 1, Re C2.2-1, Div. of Bldg. Research, Commonwealth — 
Scientific and Industrial Research Organization, Melbourne, Australia, 1953. 


«Tensile Strains in Concrete,” Pt. 2, Report C2.2-2, Div. of Bldg. Research, Commonwealth 
Scientific and Industrial Research Organization, Melbourne, Australia, 1955. 
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(1060 = BLAKEY-BERESFORD ON COMBINED STRESSES | 
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ae 
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eat - we 2 Thus, the fracture of concrete depends on the shear-strain energy, the 
= volumetric strain, and an odd term associated with the second stress invariant. 
3 


Again, if the esis hypotheses are plotted using as coordinate ‘axes the 

ratios, and 02/00, then Fig. 8 results; in ‘Fig. . 8 the 

are plotted only for positive values of o1/o because both equations are syn m- 

metrical about 1/05 = 02/0». The differences in the first and adjacent 
of the second and fourth quadrants, although fairly large, are probably not 7 
practically y significant and may well be within the margin of experimental 
error. The differences to the left of the line, ¢:/as = — o2/os, are much greater. 
However, it must be noted that the results of the authors fall entirely to er 
left of the line. whereas those of the writers fall to the right of it (Fig. 8). _ In 
_ their report 21, 2 the writers emphasize that the choice of a circle as the curve» 
“to which the experimental points were fitted was based only on its simplicity. 4 
It was realized that further work might show other curves to be more suitable, 

-as it was realized that any other second-degree curve should be capable 
the same physical interpretation, as has been shown her¢in—there 


“to be little point in the matter further. 


| 


There i is, however, one important difference between the work of Sete: 
_Bresler and Pister and | that of the writers. In the flexural specimens which — - 
they” used it was found that microcracks developed—that is, the concrete _ a 
“material failed at loads well below that at which the specimens ultimately fell =» 
apart. Iti is with the stress conditions causing these cracks that the writers } Pa 
were concerned and to which their hypothesis applies. These microcracks 
were discovered through a detailed measurement of the strain distribution over 
the surfaces of the specimens used. i. tis rather disappointing that Messrs, 
_ Bresler and Pister omitted any velerenes to strain measurements. A complete — 
study of the strain in the hollow cylinders would have been _ interesting. On 5 
the other hand, the writers have reason n to believe that the extent to which 
ei microcracks “develop before final collapse of a specimen is a function of * 
te mix proportions and the materials of the concrete. Perhaps the close ~ 
qualitative | agreement between the two hypotheses indicates that, although 
microcracks developed at loads well below failure in. the writers’ tests, 
developed at loads close to failure in the authors’ tests, ti 
Pav Rice,™ ‘J. M. ASCE —Data on the combination of tensile and com- 
pressive stresses have also been presented by G. M. Smith. The purposes 
this discussion are: (a) To correlate these additional experimental dataand 
- (b) to correlate data given by the authors with a suggested desi ‘ign equation 


Technical Director, Am. Concrete Inst., Detroit, Mich. 


of Concrete Under Combined Tensile and Comp Smith, Journal, 
. L, No. October, 1953. 
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Wiaeey RICE ON COMBINED STRESSES 


C3 

in which Mp is the modulus of rupture and f’, is the ultimate c compressive — 

strength of a 6-in. by 12-in. cy went bie 

‘The results (scaled from the plotted data), when plotted as dimensionless 
a ratios, and give close agreement with Eq. 8 for a criterion 
failure. From Mr. Smith’s data there is obtained the formula, 


| 


of T,/f 


EF 


hich with Eq. 8 Fig. value, Ce, to Messrs. 


based on the fact that o, was 86. 6% of bas 3-in. ote 6-in. cylinder strengths 
_ which, in turn, according to tests by the Bureau of Reclamation (United © 
x States Department, of the Interior), are 106% of f’. as determined from 


standard ; W ith these conversion factors, 26 becomes 


q 70 


toy 
~ in n measurement) is that Mr. Smith’s data are based on tension computed as 


for | or beams i in flexure. ‘The value of the modulus of rupture when 
determined usually differs from tensile strength as determined direct 


Using the average values for compressive and shearing stresses at failure 


as Table principal stresses were determined. A 
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COWAN ON COMBINED STRESSES 


- comparison of these values with a curve for Mr. Smith’s equation (Eq. 


using the. common approximation f for ultimate | tensile strength, da 


| 


Wit 


Fia. 10. STRESSES Ds Data FOR: Fia. 


is shown i in Fig. 10. The resulting design formula is 


‘It t should be noted that E Eq. 30 provides a rational pattern for the data shown — 


in Fig. 3 and is ag in a form which is both convenient and familiar to 


Henry J. Cowan, 26 ASCE }.—The authors are to be congratulated on 
“having reduced the problem of the failure of concrete under combined stresses 

~ to a criterion similar to that which has been found to | govern the failure of duc- 

tile materials. This is a significant advance in the theory of strength of ma-— 

_ terials. _ However, Messrs. Bresler and Pister dismiss too lightly some of the 
previous theories, notably Rankine’s maximum- stress” ‘theory a 

theory, of which Coulomb's internal-friction theory is a special case. re 


% Although the mechanics of the failure of concrete are not fully kaown,; bas 
_tailure always appears to be initiated d by the formation of very fine tension 
cracks, which, although invisible or barely visible, can be detected by careful 
The ultimate failure of the concrete may, however, take 
the form of (a) a cleavage failure which results in a clean fracture and is as-— 
- sociated with the ‘existence of high tensile stresses; and (b) a crushing | failure 
_ whieh i is accompanied by an appreciable formation of debris and is associated 7 
with: the existence of high compressive stresses. This ultimate | failure is 
: immediately obvious and leads to the collapse of a plain concrete specimen, a 
either instantly or after a short period of time has been allowed for the — 


Prof. of Architectural Science, Univ. of Sydney, Australia. mM 
ee "OO of Strength and Plasticity of Concrete,”’ by O. Y. Berg, Doklady Akademii Nauk 
_§. 8. R., Vol. 7, 1950, pp. 617-620 (translated from the Russian as Road Research Labrary Communication 
oh o. 165, Dept. of Scientific and Industrial Research of the United Kingdom, London, 1951). eee’) indd 
Journal of 3 Z plied the Vol 3, 198 Material Subjected to Stress,” by R. Jones, 
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bi 
serting suitable tension or shear reinforcement; 
a however, the pase of the specimen thereafter i is dependent on the strength — 7 
7 It do es not seem likely t ths at a physical explanation of the process ¢ of failure af 
in dais of atomic structure will be derived in the foreseeable future because 
the structure of concre te, or even of cement, is vastly more complicated than | 
that ofa metal. A phenomenological explanation is necessarily only approxi-- 
mate, and it is desirable that it should be associated with clearly observed phe- 
nomena. Because in concrete there are two types of failure, it seems Senior 
to use two criteria. The cleavage fracture is evidently \ dependent: largely on 7 
the tensile strength of the cement. ‘The e aggregate, however, plays sa great part 
in resisting compression, and the cement does not apparently alter its angle of 
5 internal friction ion appreciably at at low triaxial pressures; therefore, the 
of concrete in compression is not unlike that of a highly cohesive granular ‘soil. ; 
_ In offering this physical explanation, the writer is conscious that it is an over- 
i simplification which v will give way to & more precise pe: when the 
structure of concrete is better understood. _ Hien 
aan The foregoing led the writer® to adopt the dual criterion of failure referred ? 
to by the authors. The maximum-stress theory has been used on numerous — 
occasions to account for the _ cleavage (or tension) fracture of brittle materials, 2 
including concrete. Mohr’'s theory, using a curved envelope, has similarly 
accounted for the crushing failure of concrete. ~The first attempt at a unified — 
criterion of failure: appears: to have been made by A. Leon,’ using Mohr’ 
theory with a continuous curved envelope, crossing the s-axis on the tension _ 
Z side. This criterion is represented by the curved line ABA in Fig. 11. Mr. ‘ 
Leon n explained that a Mohr circle touching the envelope at B c orresponds to a 
cleavage failure, and Mohr circles touching the envelope elsew here correspond to 
failures. The curved eovelone, er, is an 
_ eriterion for the concre 
terms and it varies for of These diffi- 
culties are overcome by using a vertical limiting line DBD for the cleavage 
el failure (Rankine’s maximum-stress theory), and two limiting lines CC for the 
rushing failure. In the range of low triaxial stresses, straight limiting lines — 
may be used > with sufficient accuracy (Coulomb's internal-friction theory). 
_ Therefore, both the cleavage and the crushing failure can be expressed in terms 
iM _ of the principal stresses as a constant maximum tensile stress and a maximum 
- cca stress which varies linearly with the minor (tensile of compressive) 
4 principal stress. The dual ‘criterion of failure can be readily applied to rein-— 
 foreed and prestressed concrete design. The linear relationship is sufficiently 
accurate for building construction ; it does not t apply ¢ to structures with high 


triaxial stresses such as large concrete. dams. vi safle 


AQ ut be iin 
aa The writer and 8. Armstrong™ have checked this criterion in an investigation 


on reinforced and prestressed concrete beams under combined bending and ' 


 - “Strength of Reinforced Concrete under the Action of Combined Stresses, and the Representation : 
4 of the Criterion of Failure by a Space Model,” by Henry J. Cowan, Nature, Vol. 169, 1952, p.663. 
ee ‘Experiments on the Strength of Reinforced and Prestressed Concrete Beams and of Concrete- 
Encased Steel Joists in Combined Bending and Torsion,” - — J. ‘Cowan and and 8. Armstrong, Magazine 
af Concrete Research, Vol. 7, 1955, pp. 20. 
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The criterion has 
- also been checked with the results of two earlier investigations on concrete and 7 
reinforced concrete in ‘combined bending and torsion.™:# In both cases, gen- 


“erally, good agreement with the experimental data was found. The only ’ 
- significant difference between theory and experiment occurred at the transition © 
from primary torsion (cleavage) to primary bending (crushing) failure because 7 


the dual criteria produced a a sharp corner in the limiting line, whereas the e experi- | 


mental results followed a more curve; is not of 


the criteria used by Me 
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RePReseNTATION oF THE FAILURE CRITERIA 
A. Leon anv J. Cowan 


x aad the writer shows that the difference betipeen the criteria is caused primarily 

by the effect of the intermediate principal stress. That they are not as te 

similar as they appear to be when expressed i in mathematical terms is revealed : 


by a comparison with the experimental data. al stress 
r does not play a significant part in the large range e of éombined-stress problems, 
notably those met in the design of reinforced and prestressed concrete struc- 
tures. On the other hand, ease of application is of prime importance in these 
a problems. The writer, therefore, feels that Messrs. Bresler and Pister have a 
o> _ been a little harsh in their discussion of some of the previous theories. This p 
; 4a comment i is not intended, however, to detract from their important contribution = 


tothe theory of fracture of concrete. 


‘Statens Kommitté Byggnadsforskning, Stockholm, 1945. 
2 “The of Concrete in Combined Bending and Torsion,” D. ‘Fisher, thesis presented to 
7 the University of London, in 1950, in partial fulfilment of the requirements for the degree of Doctor of 
Graphical Method of Strength Characteristics,” by A. Meldhal, Brown Boveri 
Review ust, (1944 260-26 q 
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posed failure criteria for design and (2) physical Saeenalian 9 of ‘failure cri- 


4 teria and mechanism of failure. Whether one form of failure criterion is = 


ior to another depends largely on the use intended for it. The interaction 

_ formula proposed by Mr. Smith?* is useful i in design but is entirely empirical. 2 

Mr. Cowan proposes dual criteria which are somewhat more rational but are 
yi more difficult to apply. Neither criterion is applicable to triaxial states of 


stress. ‘The Writers’ criterion, although not directly applicable to design, ‘may 


d be ‘useful for correlating biaxial and triaxial tests and for furthering an under- _ 
_ standing of the physical mechanism of failure. It was the writers’ opinion that t 
once a valid criterion is established, simplification ons suitable for design can be 


derived. _ For example, in the case of shearing stresses, 1, combined with com- 


pressive stress, Eq. 8 leads to the following definition of strength 


and Mr. Smith's Because the pe of loading Mr. Smith 
used produced a stress field difficult to analyze by elementary methods, such ; 
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tin We 


aa In formulating the failure law in terms of octahedral stree 


Jed 
1. The failure criterion in the form of accounts for the effect, of the 


in one plane. A comparison | of three pomible f forms of of a. fail-— 
: ure criterion is shown in Fig. 12. In Fig. MSGe).A is shown Mohr’ 8 failure theory 


brittle materiale in terms of principal and j in Fig. a similar 


— 


terion i in terms of octahedral st stresses. Radial lines define some of the pense 


Associate Prof. of Civ. Eng., Univ. of California, Berkeley, | Calif. 
Asst. Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. ai 
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and Beresford, the second stress invariant, J2, which apparently have 


BRICAN™ OF EN NGINEERS 2 
Octahedral stresses have physical ‘interpretations: which lead to 
understanding of the mechanism of failure in concrete. The normal 
octahedral stress is the mean normal stress, and the shearing octahedral stress 
7 is proportional to the root mean sl shear stress at a point. Thus, it is possible 
from Eq. 6 to define the failure mechanism in terms of the mean shearing and a 
normal stresses at a point. Another possible interpretation of octahedral : 
- Sereenes as as noted by Messrs. Blakey and Beresford i is related to the elastic strain — 
"energy and the volumetric strain. oe seems doubtful that elastic-strain-energy— 
concepts based on homogeneous materials with relatively constant values of 


and 8 ratio would | applicable to concrete. 7 


simple physical interpretations. valid adaptation « of ‘Strain-energy criteria 


e to concrete must be based on a 1 a phy sical concept of the mechanism of deforma- we: 
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terion has a further advantage i in its simplicity of form, resulting in a peer 
Mr. -Cowan’s linear criterion of "failure, differentiating between 
7 and ‘crushing failures, i is shown in Fi ig. 13 by dashed lines. Whether the transi- © 
tion from a pure cleavage to a shear fracture in concrete is gradual or abrupt — 


seems to a matter is still unsettled. d. The parabolic env assumed 


= 0) Eq. 8 may be somriten: q 
‘in terms of principal stresses by substituting Eq. 7 into Eq. 8. This leads toa — 
“quadratic expression involving o1, ¢-, and the experimental constants. The _ 
equation may be simplified by rotation of the a, and a3 coordinate axes through — 
a counterclockwise angle of MBs -» _ If the new coordinate axes are denoted by 
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* 32 i is the equation of a hy pel rbola i in the principal stress plane, Fig. 13, and is 
similar | to Fig. 8. Ite can be s seen n that, v whereas Mr. Leon's theory? and the 
_ octahedral theory apply a single criterion to both cleavage and shear failures, 
Mr. Cowan proposes two distinct crite riz ria with an abrupt transition between 
*, them. Aside from this, Mr. Cowan’s theory and that of the writers : appear to 
— ” must be understood that, as yet, the proposed li linear octahedral theory is is 
untested for states of stress in which the mean stress is tensile—that i is, for 
states of stress to the left of the 7.-axis in Fig. 12(c). It may V well be that some — 
modifications in the assumed linear cur curve may be necessary. In order to test 
the validity ‘of Eq. 8 beyond the range e of the writers’ experimental data it 1 may 
*@ be of interest to extrapolate the straight line, as shown in Fig. 14, and evaluate 
the strengths for various: states of stress 88 on this basis. - The uniaxial 1 tensile 
a. strength based on this assumption is 0. 10¢ o- or 0.087 f’.. 1 The torsional strength, 
-@ or biaxial, equal tension-compression strength, is 0.10 o.—that is, very nearly | 
to tension. The biaxial, equal tension, tensile strength is 0.07 or 


0.061 f’.-—that is, 70% of the uniaxial tensile | strength. These values appear 


_ Messrs. Blakey and Beresford define failure : as the formation of microcracks — 


7 La at Pr below the ultimate. The writers believe that the formation of n micro-. 4 
-_ eracks is an important factor in the mechanism of failure but that the extent ‘o 
which these cracks jeopardize the load- ~carrying capacity of concrete has. not 
been definitely established. ‘The work of the discussers indicates ratios of 
_ eracking to an ultimate load varying from 0.43 to 0.80. Until the mechanism . 


4 of failure in concrete is better understood, the definition of failure shall remain _ 


The writers agree with Messrs. Blakey and Beresford that a » complete 
7% ely of strain distribution in the hollow cylinders would have been of interest. 
‘This study was not included primarily | because of the hazards involved in 
q interpreting strain measurements in concrete. - Only surface strains can be 
_ measured without disturbing the internal structure of the material. ‘Thus, the 
a interpretation that deviation from linearity of the load-strain curve is evidence 
of microcracking is strictly applicable only to the surface material. The fact 
$ that surface cracking occurs at small fractions of the ultimate load seems to 


indicate that propagation of surface cracking with increase in load is slow and q 


that considerable load- is after initial 
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THICK RECTRNGUAR? AN 
ELASTIC FOUNDATION 


hie 


‘The governing equations and their solutions for ‘the bending of thick 1 rec- 
_ tangular plates resting on elastic foundations are presented using the theory _ 
of plates developed by Eric Reissner. _ An examination of various types of — 
—— of edges involving three boundary conditions i is presented, and it is shown | 
that the Levy and Navier solutions can be 


I~rropucrion 


The thick-plate > theory: by Eric Reissner?:*-*: in. 1945 i is s significant 
—_ it includes the effects of shear deformation and normal | pressure. - In 


an edge and requires the evaluation ¢ of only two functions. a A theory analogous : 

to that of Mr. Reissner was dev eloped by R. D. Mindlin, 5j in 1951, for the mo- 

dons of plates. Since its development, Mr. Reissner’s theory has been applied | 
- the solution of several problems i in the bending of plates. Tn 1952, Manfred 4 
Schafert presented of the bending of a rectangular plate “under : 


and titles given are those in effect when the paper or discussion was approved for publication in Transactions. 


Published, as here, i in October, 1955, os Proceedings Paper 818. Positions 
per 


Pe 1 Associate Prof. of Applied Mechanics, Virginia Polytechnic Inst., Blacksburg, Va. j= | : 
— i “On the Theory of Bending of Elastic Plates,”’ by Eric Reissner, Journal of Mathematics and Physic 3 
Massachusetts Inst. of Technology, Cambridge, Mass., November, 1944, pp. 184-191. ts” 
&“The Effect of Transverse Shear Deformation on the of Elastic Plates,” Erie Reissner, 
Journal of Applied Mechanics, Vol. 12, 1945, pp. 69-77. 
4“On a Variational Theorem in Elasticity,’ by Eric Journal of and Physics, 
Massachusetts Inst. of Technology, Cambridge, Mass., July, 1950, pp. 90-95. 
-§“Influence of Rotatory Inertia and Shear on Flexural Motions of Isotropic, Elastic Plates,”” by R. D. 
Mindlin, Journal of Applied Mechanics, Vol. 18,1951, pp. 31-88. 
* “Uber eine Verfeinerung der klassischen Theorie dinner schwach gebogener Platten,” by Manfred — 
Sebafer, Zeitschrift far Mathematik und Mechanik, , June, 1952, 
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a sinusoidal loading. P.M. Naghdi and J. C. Rowley’ extended the theory to 
include an elastic foundation that behaves according to the classical Winkler- 
Zimmerman assumption. A detailed history of the applications of Mr. Reiss- 
ner’s theory is contained ina paper by Mr. Naghdi® = = 
_ In the paper are discussed the thick-plate equations and their solutions for a 
problems concerning the bending of rectangular plates resting on an elastic 
- foundation. The basic equations are those obtained from Mr. Reissner’s theory, 
- modified to include an elastic foundation in the manner of M Mr. _ Naghdi an and 
r. Rowley ; numerical examples are also presented vy 
a Fig. 1 shows the coordinate system to be used ail the stress resultants, M., 
“4 My, Mey, Vz, and V. y, in their positive directions. . The displacements, w, u, v, and 
7 
Tz 


Wt 


Wa. 1, Resvutants vor AN ELEment oF A Puate ror REecraNGuLaR CoorpINaTEs 


“~ w, are positive when they act toward the positive ends of the 2-axis, y-axis, and 


z-axis, respectively. They are assumed to be of the form, u = za(z, y), v = 
y), and w= and 8 are the rotations in the a-direction and 
_ y-direction, respectively, of a line ‘element. originally perpendicular to the | 


3 ere: gga and @ is the vertical displacement of all points on this line | 
12 
“On the Bending of Axially Symmetric Plates on Elastic Foundations,” 5 Aa M. Naghdi and J. “_ 
Rowley, Proceedings, Ist Midwestern Conference on Solid Mechanics, Univ. of llinois, Urbana, Ill., 1953, 
_ §“The Effect of Elliptic Holes on the Dees of Thick Plates,” by P. M. Naghdi, Journal of Applie : 
Mechanics, Vol. 77, 1955, pp. 89-94. 
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RECTANGULAR PLATES 


F it is assumed that the stresses, Tys, and satisfy the e equi- 
librium equations expressed in terms of the partial of stress 


Therefore, these stresses are given by 


face and (assuming k as the 


inv which q; is the pressure on the upper 
modulus) gz = — k w is the pressure on the lower face of the plate. The stress 


resultants are defined as in the classical theory ai and are quantities per unit: of 
_ Basie Equations .—These equations are derived from the application of Mr. - 
Reissner’s variational principle,‘ considering the assumptions 1 mentioned in the 
foregoing. also include the shear stresses, tz,7 and OD the top face 


of the plate and the shear stresses, rzyz and ty:2, on the bottom face of the 
‘plate. Eqs. 2a, 2b, and 2c now contain some additional moet 
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in swhich St. = + and St, = + — 

7 Eqs. 3 through 8 are the governing equations which contain six _ nis 
Boundary Conditions.—In addition, boundary conditions also arise from the 
- variational principle and sre three in number for each edge of the plate, instead 
¢ two as in the classical theory. These conditions were described by Mr. 
-Reissner several other authors have discussed of boundary 
Reissner?-* has discussed a free edge, Mr. Schafer, Sone type of simply 
supported edge, and R. A. Hirsch,® boundary conditions at the edge of a a rigid: 
Because three boundary conditions are to be satisfied, the usual definitions 
5 “for the various types of fixity of an edge (simply supported, clamped, and 
others) must be extended. For the the purpose of this inv vestigation, a straight edge 
__ perpendicular to the z-axis will be used although the same statements would ap- 
_ ply to an arbytrary curvilinear boundary. Mr. Reissner’s boundary conditions 
are: (1) M, ‘s, or @ prescribed ; (2) My = M’,,, or B prescribed ; and (3) 
= at; prescribed. Primed quantities are those prescribed on the 


= 


Simply Supported Edge.—In addition to the two conditions, 


and M, = = 0, a third condition for either B or oo ‘must be specified. oa This may 
7 be either 8 = 0 or M., = 0. - Because M,, is nb zero on a simply supported 
¥ ee according to the classical theory, the classical definition is perhaps more 
closely approximated by choosing 8 = 0. _ Physically, this condition may be 

7 agp by using a knife-edge on the top and bottom of the plate if there is” 

4 sufficient friction between the knife-edges and the plate to prevent rotation of 

tl the line elements in the y-dir rection. This scheme will prevent the uplift at the 
corners which in the classical theory is prevented by applying concentrated 
forceson the corners. The other possibility, M., = 0, would require an absence 

of friction between the knife-edges and the plate. ‘The latter set of conditions | 


* was used by Mr. Schifer® in his example ofa rectangular plate un under a sinusoidal — 


ae Effect of a Rigid Circular Inclusion on the Bending of a Thick Elastic Plate,” ti R, A. Hizech, 
nal of Applied ‘19, 1952, PP. 28-82. 
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Edge. —The fr free used b by Mr. ‘Reissner? i in an con- 
cerning an infinite plate with ¢ a circular hole free of stress . Here, the two oe 
tions of the classical theory, ‘M; = Oand V. + OM.,/dy = | 0, are ‘replaced by an 
M. = 0, Mz = 0, and V. = 0. It is no longer necessary to transform the 7 
twisting moment into an equivalent vertical shear as in the classical theory. _ 
. The vertical shear and the twisting ‘moment must vanish s separately. 
Clamped Edge.—The usual conditions, ® = 0 and dv/dz = 0, will be 


= 0, (2), a = 0 or w/dx = 0, and (3) 6 = 0 or My = 


= 0, is clever to fulflment than the condition, 7 
0. Also, since the statements made under the heading, * “The Funda ae 
"mental Simply ‘Supported Edge,”  regardin 1g the third condition, 


0 or M., = apply, a edge i is ige is perhaps best defined by = 0, 

Plastically Restrained Hdge—I a elastic plate intas beam, for 
i 


tne 


"9 gutwaltol, ols ou) plate 


baa 


‘In equations, B is the flexural rigidity of the | and the. 
torsional rigidity of the beam. 7 These: express the conditions that 


moment per unit length i in the beam. 


The twisting moment, M.,, in the plate is to the moment 


ugh The vertical shear in the plate must be the load bie unit of length on the ‘eo = ; 


If the theory governing | the bending of the beam includes shear deformation, 


Solving the Basic Equations. —The basic equ uations (as: 3 through 8 8) will 

be considered for the case in which S+, = S+, = 0. Solutions for this system 

_ of equations” can be found from the equations for 2, V.,and Vy. The general 

_ solution for w will be written as the sum of a particular integral and a tees amma 
tary function, as = Dy a + ®p in 


 1©“On Some Problems in the Bending of Thick Plates," by Daniel Frederick, dissertation presented to — = 
* University of Michigan, at Ann Arbor, in in 1955, in partial fulfilment of the en for the — J 
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i Similarly, V, and Vy can be written as the sum of a particular and comple. ‘ 
mentary function: V. = Ven and V, = Vyw + Vyp. If the function; 
4 y), is introduced so that Vey = = /dy and Vin = 09/88, the governing 


The particular solutions for V, and V, can be written as 


in which V*, V*, are f are functions which m equations 
_byv virtue of the governing equations of  ° bie 
(vy? y* 


“dy 100 a 


7 


fy "Hence, for . rectangular plate, the complementary f functions can be found 
5 pn Eqs. 14 and 17, and the constants of integration associated with these can 
be evaluated from the twelve boundary conditions that can be developed sed 


f — ow In this section, two examples are presented, and the results are compared I 


numerically with the predictions of ‘@ classical theory. s In addition, some 


nll avier-T ype Solution.— —A a plate « of dimensions a and b (Fig. 2) 


=e “Theory of Plates and Shells,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y. a 
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it that the top and bottom faces are free of chearing 
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The coefficients, Amn, determined by 
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2. PLATE WITH . 3.—An InFinire PLate wit 


- With the foregoing assumptions, #, Vz, and V, can be expressed in the 

-Navier form, , and the double Fourier cneiate can be found. The final ox 


inwhich 
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RECTANGUL AR PLATES: 


(0.3) » 9) 8 ty 
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the 1e terms containing Wi in Eqs. 3 through 8. also satisfies the classical,simple-__ 
- support boundary conditions which are the conditions denoted by Eqs. 22 and 


_ Levy-Type Solution. —The plate of the foregoing example will be considered 


again with a different set of boundary conditions. It will be simply 
on two opposite edges, thus givin 
by virtne go 1. (0, Oy) (a, y) = 


6 


4 it may have any combination of | boundary» conditions on the 
other two edges consistent with the Reissner theory. ss In addition, it will be 
assumed that the function, qu, is independent of y and can be represented by the 
he coefficients « can be and 


te 
Owing to the even subi occurring in Eq. 15, it is obvious that the partion 
ular solution, Dp, can be written in the following form : )s ( | 


Four muy «ny the > wp sin (38) 


Eq. 38 into Eq. 15, the ‘cocfiicients, We, are found to be 


Gn 


es) 


— 
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Knowing ®p, V*, can determined from Eq. 20. hey This can be expressed 
al 7 in the same form because the left side of the governing equation contains the 


and the even derivatives of the Sencticn: 


From Eq. 21, it can be seen that vs, =0 because the right side contains io 
rivatives: with respect to y whereas and are independent of 
‘With the boundary ‘conditions| (Eqs. 33, 34, ‘and | 35) in mind, it is 

that for this problem, by can be taken in a form, = 


Ys 


substituting this value of ‘into Eq. and solving the resulting differ 
hag to eon & to ads om bap wt sot 


bas: 
= (Ase cosh cos vy) + B, cosh sin fn v) bap. ae 


sinh (en cos re Ds (€n y) si sin Sn sin 


As, Ba, Ca, and Dy are independent constants of integration and in 


ores 
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Again, in view of the bo a 


“RECTANGULAR PLAT 


equation for Y, (y), it is s found that the final form for y can be written mt a ; 
cosh Ba y y+ H, sinh y) cos (47) 


tions ‘he. 33, 34, and 35) aly and ‘There still remain 

t independent constants which can be determined by the six boundary conditions 
on the two remaining edges of the plate. In the classical theory, at the corre- 

, - sponding stage, the Levy solution has four constants which are determined by 

q four boundary conditions on the two remaining edges of the plate. - 


en 


_ The method also works for the case in which ad eee Sia of the cane a 


in 


In this case, 4 

the solutions for oy and ai are e taken a as s products of a a y and cos 
nawz/a, and y and sin nx z/a, respectively. The boundary conditions (Eqs. 

49, and 50) apply to an infinite plate by columns ; 


cause the: variable, , does not enter into the. solution, the gov erning 
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__Infinite Plate Resting on an Elastic Foundation.—A line load of intensity 
— 
— 
— 
Od) 
(6le) 


Owing to there i is a uniform deflection along the y-axis. This de- 


a 


G, A, and B, become 


wee. 


(0) = 0 


\10 ' 
the that @, ®, Mz, and vanish as z approaches 
for and are to be used t take the following form: 


e (cos f. 7) + (B (sin f. 2). 


3 
52a, 52b, and 2c) the 


) 
| 
i 
— 
as introduced, will ° 
as 
nfinity,the 


tes 
RECTANGULAR PLATES 


< 


A 


> 


‘4 


| 
classical 


Rel 
Reissner 


- 


— 
— — 

> 

— 


— 


Classical 


ws ts 


Reissner 


desi Belo a baa ar 


, 


#1 ai 

sidizzoq 


* 
5.—A_ Comparison oF rue Deriecrions, Moments, HEARS, AND 
Teros oF P vor THe WITH » = 


— 
4 
It 
x 
— 
> 
ig 
— 
ff 
foo 
to. 
| 
ie 


With these constants, the expressions for My My, and Vz. can be found | from 


a Eqs. 516 through Ble. Iti is also seen that My, an and V, are equal to zero. ee 


foregoing solution can now be compared with the classical solution in which the - a4 
__ boundary conditions are » (0) = — w, and dw/dx = 0 (at z = 0); the ip ll 
 inge equations are those obtained from Eqs. ‘bla through by dropping the 
_ — containing h?. For convenience in the computations, it is assumed that 
_kh*/D = 1 and that » = } for both theories. The deflections, moments, and : 
shears f for the two solutions are shown in Fig. 4. 
As an alternative e, the results. may be expressed in terms of P instead of 
through the relation, V. (0) = P/2. Fig. 5 shows the de- 
flection, moment, shear and the stress, in terms of the load, P. 
Since the bending stresses and shearing stresses in the plate are en 
the usual elementary strength of materials formulas, it can be seen from Figs. 
— 4(0) and 4(c) that the maximum bending stress is reduced approximately 55%, 
and the maximum shearing stress approximately 15%, of the corresponding — 
values given by the classical theory. Thus, a design of the slab based on the > 


5(6) and 5(d) indicate that the 
conclusions are valid for a given line load pressing 
a on the Reissner plate and on a classical plate. — 

; ‘The moments and shears are reduced by using a 
= design based on Mr. Reissner’s theory. On the 
other hand, Fig. 5(a) shows that the maximum 
deflection according to Mr. Reissner’s theory is 
——— greater than that given by the classical theory. — 

| _ These trends appear to be true, in general. In 


the particular case of the maximum deflection, it 
seems reasonable that a theory including the 

effects of shear deformation would give a deflec- 

tion larger than that given by a theory which : 


Fie. 6—A Puar Su 
neglects it. Fig. _5(d) shows that the normal 


on THE ToP AND 
= stress, decreases as the distance from the load 


vs a Bending of a a Plate Due to a Uniform Shear Stress. —To illustrate a boundary 
value problem involving shear stresses on the top and bottom faces, the plate 
shown in Fig. 6 is considered. In order to simplify the problem as much as 


possible, , the plate has been assumed to be of infinite length in the y-direction, “a S 


a In addition, the foundation has been omitted because it would change only the =, 2 


form of the polation of ». In a practice, bending: due to a shear stress might occur 


in a bin full of material in which there is friction at the wall of the bin due to 


pac king of the material. _ This friction we would produce both | bending and exten- 
sion of the plate; howeve er, this e: example illustrates a method for handling the 


Since all the involved are independent, of governing equa- 


a4 
— : 
J 
— 
— 
= 


Ate a 
= 


a 


a | 
ng a procedure similar to that used i in the Previous example, the wie 
a 


and y can be written as 


is 


= a, sinh \ + as cosh cosh 


tions for ® 


There are now six constants, a», ds, a4, and as, as, which are to be « deter- 
mined by the six boundary conditions (Eqs. 59a, 59b, and 59c). 
detailed work, the final values of the constants 7 £= 


Omitting the 
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A plot of these = is in Fig. 7 for different values of 
h/L. This problem cannot be solved by the classical theory because the solu 
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would be same as the foregoing, wat 
(0) = (L) = dw/dz (at = 0) = dw/dz (at = L) = 0, would require 

that all four constants of integration be zero. However, by letting h/L->0 

Lim h) re finite, the ‘solution for a plate of zero thickness sub- 

_ jected to a moment of magnitude, th, at every point of the plate may be 7 

veloped from. the Reissner theory. These results| are also shown in Fig. 7 


The bending moment, M,, for h = 0 is zero everywhere. 


_ The thick-plate theory which was developed by Mr. Reissner, which includes 

_ the effects of shear - deformation and normal pressure, can be used to solve cer- 
tain problems in the bending of rectangular plates resting on an elastic lounda> 
tion. In this paper, two examples were presented, , and the ‘Tesults p lotted — 

The thickness-length parameter at which the effects shear 
deformation and normal pressure become important can be determined from i 
Finally, from the governing equation ns presented herein, solutions to other — 
_ problems may be obtained. _ Furthermore, for certain types of boundary condi- 


tions the the solution may be expressed in and Levy forms. edi 


= 


writer expresses appreciation for the assistance given by the Virginia 
Engineering Experiment Station, at Blacksburg, under the supervision of John 
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alt alice wo elg ‘tol tadd aatoa one 
od Ulin f= 2Q\'A 4 to | odd ud honiat 
A901 « m0 (2.0 = oi pe aqiA 000,$ = 
avitabauol ae dtiw ai beet ada neo 
4 ysiawvoy zoivioe to baa amoitulos 


- 

a 
— 

— 
4 he “ 

— 
a — 
— 
— 
! 
— 
— 

q — 
— 

= 


LORSCH ‘ON RECTANGU LAR PLATES 


4 
G. Lorscu, 2 A. M. ASCE—An excellent presentatiit of an 
one of Mr. ‘Reissner’ s theory of thick plates has been made by Mr. ¢ 
4 Frederick. <i The writer fears, how ever, that the graphs presented imply that 
a greater degree of discrepancy e exists between results obtained by the classical © 
_ theory and those obtained by the Reissner theory than might actually be oe: 


9 Figs. 4 ‘and 5 show the results for values of kh4/D = 1,a ratio which the 
- author states was chosen for convenience. _ Unfortunately, this value does not — 
correspond to usual practical problems. For Jean concrete plate (E = 2,000 
_ kips p per ‘sq in. and y =0. 2) and good soil (k = 0.75 kips per cu in.), the thick- = 
: ness of the plate corresponding to k h*/D = 1 is almost 20 ft. It is rénsonailé 
to expect effects in a plate of that thickness. For better concrete 
r for both, the plate | thickness would be even 
4 Fora a steel plate (E = 30, 000 kips per 8q in. and» = 0. 3) ona thin concrete 
; _ block (E = 2,000 ine pet eat in. and t = 1 ft; thus, k = 200 kips per cu in. » 
- the plate thickness for k h*/D = 1 would be 13.75 in., a very unusual value. _ 4 ; 
‘The writer feels that the 55% reduction in bending stress should be view ed 
the light of the foregoing numerical computations. Plates occurring in 
civil engineering have (k A*/D)-ratios from 1/20 to 1/1,000. It would indeed 
_ be interesting if the author presented comparisons between the classical] theory 
_ and Mr. Reissner’s theory for this range. The writer expects the two |methods — 
give nearly identical results for this rang laniy 
_. None of these remarks is designed to detract from the fundamental ap- 
proach of Mr. Frederick but merely to reassure those engineers who ‘might 
_ otherwise be inclined to disregard entirely the classical plate ‘theory. because — 
_ of the large degree of error shown in this Paper. 


Dante Freperick," J. M. ASCE.— The writer w ishes to express apprecia-— 


ton to Mr. Lorsch for his informative comments. For the example under 
_ discussion one notes that, for concrete or steel plates on soils where the usual “s 
_ _ values of k h*/D fall in the range of 1/20 to 1/1, 000, bending stresses and | 


“results obtained by Mr. Reissner’s theory | differ « only ‘slightly | from those ob- 

- rained by the classical theory. The value of k h‘/D=1 will be significant for 
a concrete slab (E= 2, 000 ) kips per 8q in. and vy = 0. 2) on a rock foundation 
_ (E = 3,000 kips per sq in. n. and ¢ = 10 in. n.; thus, k= = - 300 kips per cu in. me 
which gives a plate thickness of 0.58lin. = 

_ In writing the paper, the intentions were to show how Mr. Reissner's 
theory can be used in connection with plates on an elastic foundation and to 

_ ‘present some solutions and methods of solving the governing equations. 
‘Sein. no mention was made of any applications ; it was also felt that 


Asst. Prof. of Civ. Eng., The City College, New York, N. Y. 
Prof. Applied Mechanics, Virginia Polytechnic Inst., Blacksburg, 
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eorrections could be applied to particular problems w here necessary. Values 


of k h4/D in the e range 1/10 to Ti, 000 were used by the writer in preparing 3 
- computations but were not presented in the final paper because of an effort — 
_ to conserve space and a desire to have the corrections prominent in magnitude 
___ Because many believe that the Winkler-Zimmerman assumption on does not 7 
_ yield a good approximation of the behavior of many soils, the engineer must — 
use his discretion i nin deciding whether « or not to use results based on the classic ‘al 
- elastic: foundation. On the other hand, there are many other practical prob- - 
for which k ht/D is approximately unity and for the secondary 
effects are important. Some of these are, as follows: _ 


1. Thick blocks of ice floating on large bodies of water; 
A piston compressing a liquid in a cylinder; 
38. Buckling and bending of thick layers of ‘rock to explain westalia' phe 
-nomenain geophysics; 
7 -* _ 4. Plates of a low modulus of elasticity, w hich rest on a relatively stiff 
elastic foundation and which might be made of plastics, resins, rubber, wood, — 
eee at an elevated temperature where there has hean a. a considerable — 
decrease in the modulus of elasticity ; and rail Maa uy 


Bending of finite nite thic k k plates. vert plane, 


Ibis is important to emphasise 1 ‘that the infinite-plate example of of ‘the paper = if 
.-. not consider the ratio of the thickness of the plate to the length. — As in : 
the finite plate with no foundation, where the corrections to the classical 
theory are important for certain thickness-to-length ratios, it is expected that ‘ 
i the corrections would be considerable for finite plates of certain configurations po 


Z and loadings Sona foundation, even when dealing with the range for k h*/D of i 
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Discussion By Messzs. Ropert E. GLover; E. HANsE 


James N. Luruin; Cata-Saun AND Cuonc-Hune 


‘Ast 
The discharge of a system is related, using dimensional consider- 
a ations, to the permeability of the aquifer and the geometric characteristics of 
i _ the influence region. In order to study the problem, the electrical analogy for i" 
a hydraulic flow i is combined w with the membrane analogy for a free surface. The a 
experimental results obtained are combined with observations of other investi- 
_ gators to develop empirical relationships between the flow and the geometric _ 
Varotw N OTATION iter 


The letter symbols : adopted for use in this | paper are Fdond where they first 
“appear, and 19] arranged alphabetically, » for « convenience of reference, sesieaalll 


tern under steady conditions, even for ideal wells of this cles, 


“ are difficult because t! the location of the upper limiting boundary of the flow | 


. cross section is not known. . Furthermore, the geometry of the flow system out- 


4 __ Norg.—Published, essentially as printed here, in October, 1955, as Proceedi per 817. Positions — 
and titles given are those in effect when the paper or discussion was approved for pu Tes in Transactions. ZA 


a. 1 Structural Designer, Ammann and Whitney, Cons. Engrs., New York, N. Y. i 
_ *Prof. and Head, Dept. of Civ. Eng., Colorado State Univ., Fort Collins, Co 
Senter Engr., Arma Corp., ‘Garden City, N. 
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side the well cannot be. by the and the 

- geometry of the well. Either both the well discharge and the permeability, or — 
the'elevation of the f. ree water surface at a known radial distance from the well, _ : 
also be known. An additional complicating factor arises from hydro- 


4 elevation, termed the seepage may considerable. The height 
the seepage face is an important consideration where drainage wells are in- | 
tended to © produce a ms a maximum lowering of the water table. Fit in skeyraed that 
In 1863 a solution for a fully penetrating well in an unconfined aquifer was | 


in which hi is the distance from the bottom stratum to 


depth of water in the well; r, is the well ;K the permeability 
of the aquifer ; and Q is the > discharge. of the well. - The solution proposed by Mr. at 

Dupuit ignored the effect of curvilinear flow in a vertical plane. Investigations 
have shown that Eq. 1 can be used to predict the discharge correctly if r is -/ 


chosen sufficiently far from the he well. . However, it cannot be used to describe 
4 the true position of the water surface near the well. , on. Whe weil t boundary = 
Most recent attempts to solve this flow problem have been by means of 


made an investigation using a sand model with. a 15° sector. Because o of 
larity, the position of the free surface near the well was not fully determined. 7 
In 1948 Harold E. Babbitt, M. ASCE, and David H. Caldwell,* M. ASCE, ‘made — 
similar studies using a sand wedge. — An electrical analogy | using a a carbon wedge - 
& also used by Messrs. Babbitt and Caldwell who suggested an empirical bs a 
es for the free surface. . Vaughn E. Hansen,’ J.M. . ASCE, proposed that — 


a depressed membrane under tension be used to simulate the free surface ; Mr. | 


ow hich relates the werd of water outside the well and inside the well to the 


: § “Flow of Liquids Through Porous Media Under the Action of Gravity,” by R. ‘D. Wyckoff, H. G. 
Botset and M. Muskat, Physics, August, 1932, pp. 90-113. 


ae -  ®“"The Free Surface Around, and Interference Between, Gravity Wells,” by Harold E. Babbitt and 7 
David H. Caldwell, Bulletin No. 374, Eng. Experiment Station, Univ. of Illinois, Urbana, Tl, 1948, 
“Uneonfined Ground. Flow to Multiple Wells,” by Vaughn E. Hansen, Transactions, ASCE, 
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_ radial flow by Shih-Te Yang?® in 1949. Norman 8. Boulton solved four addi- 


= he During 1g is problem, 


- ogy | for a free surface. By using this method a relatively large number of cases 
easily studied. Information from these experiments was combined 
ran with information from other sources®*.7.8.9 and from one field test in order to” 

4 develop empirical curves showing the general relationships between geometric a 


w variables expressed i in dimensionless form. 9 


Seepage Flow in C lindrical Coordinates. —Substituting the Darcy equation 
pag y | 


flow in a saturated, pervious medium into the differential equa- 


Well Ground 


Potential distribution 
along the edge of well 
= 


3 


@) IDEALIZED WE WELL (ELECTRICAL MODEL 
; x tion of continuity for flow of an incompressible fluid leads to the Laplace equa- 
tion for steady seepage flow. In cylindrical coordinates this is expressed by 


dh +(2 (SA) + ( aff | 


in which h is the piezometric at a point the ¢ 
and @. . Boundary conditions for the idealized case of unconfined flow toward a 
central, fully penetrating well are shown i in Fig. 1(a). a The pervious medium, — 


well, hy. Above this elevation, along the ‘Seepage face and along the free 


water surface extending back from the well, the gage pressure is zero. ‘The 
“a piezometric head along these boundaries must therefore be z. 
: An isopotential surface at some finite value ¢ of r may | be chosen as the inflow 
a Sendany for a finite sy system. In « order to correspond to the infinite : system, 


Shih-Te Yang, thesis presented to 
the fort of 


e Towerd a by the Method,” 


. 
— 
— 
— | 
a a direction. — At the well the outflow surface below the level of the drawdownis i 
a &§ a isopotential surface on which the head is equal to the depth of water in the _ y : 
— 
“T?  .ow Pattern near a Uravity Wellin a Unitform Water Bearing Medium, by Norman Savage 


oundary should be slightly curved in a vertical plane, : as shown in Fig. . 
(a); the curvature ‘decreases as r increases. od T ocd} 
ie are some interesting mathematical considerations in connection with > 
tion of the of an between two fluids existing in having 
‘different permeabilities leads to the conclusion that the free surface, or top 
streamline, ‘must approach the well tangentially with a velocity of K. Below — 
the elevation of the water surface in the well, the streamlines normally intersect. p 
the well boundary because this is an isopotential surface. If it is assumed that 
- the top streamline | intersects the water surface of the well, the resulting. at ‘ 
iW _ vergence of the streamlines near the elevation of the water in the well would 
imply infinite velocity rather than the velocity of K, as required. Also, ifone — 
assumes the depth hy to be zero, nonexistence of the seepage face would result. > S =f 
in a zero discharge area and infinite velocity through the well boundary. Actu- 


q 
7 a streamlines changes from being tantential at the top of the seepage face to being 7 


lly, throughout the length of the seepage face, the direction of approach of the :* 

normal at the elevation of the water surface in the well. Theoretically, the exit — vn 


velocity into the air along the seepage face is proportional to the cosecant of 8, : 
in which 6 is the angle | of inclination of of the streamline | at the point of peg 
This consideration again leads to the | postulation of infinite velocity at the PM 
elevation of the water in the well. However, in this vicinity, the velocity prob- — a 
ably exceeds | the velocity for v which the Darcy equation is valid and thus ap- 
proaches some finite maximum. The function, h(z), on n the well boundary is 
- not analytic at the elevation of the water surface in the well. Below this point, — : 
Electrical Analogy. —The electrical analogy is based on the similarity be- 
tween the Darcy equation and Ohm’s law. In the analogy, the electromotive - 
_ potential, E, corresponds to the | head yh, and the current, J, corresponds to the — 
hydraulic discharge, The analog must be g geometrically similar to the well 
_ and to the surrounding region. In addition, the voltage variation on any free _ 
_ surface must b be linear in a a vertical direction | to rer to the he gravity | head. ; 
This condition is expressed by 


having the vertical coordinates, z, and The model constant, 
i S, equals the electromotive . potential gradient i in a vertical direction on any free 
surface in the model and ams corresponds to the gradient of gravity in the 
prototype, which i is unity. a _ The constant, 8, may best be introduced by con- 
sidering the permeability, K, to b be ‘analogous | to Sa, in which g is : the specific 


deflection of a membrane under “uniform tension, which is clamped to 


The — of Ground- Water } Motion,” by M. Journal of Geology, ‘Vel. 48, 1940, 
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in which Ti is the tension, 1 t denotes the membrane thickness, and dy is the e specific — 


For axially symmetrical flow, 3 reduces to to wala 


i ads 
~Brass plug 


19,032 in. nichrome wire 


Well for hose to @ ac 


Vertical section 


+ 


0.028 in in 


in. paraffin 


= 


ure ih ta} ©) QUARTER- SEGMENT 
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It this approximation accepted, the membrane 
 & _ Dimensional Analysis. —Eq. Qisa special case of a more general expression. 
‘The variables, Q, K, rw, hw, 7, and h (in which h is the known depth of water at a 


radial distance, r), should be sufficient to define a particular system of flow. 


These variables may be arranged so that 
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choosing 1 r= = Te h he; and Eq. from Eq. In addi- 
tion, he m ight have been chosen instead of hy, as a pertinent: mi to form 


Knowing the values of f the water depth he, two radial 


and fo, is sufficient to establish the cor responding free-surface profile fora 


— 


profile resulting from a particular. of Ea. = bd 


Apparatus. —The basic apparatus used by the writers consisted of an open- 


7 3 tonne cylindrical tank; a rubber membrane assembly; and a simulated well. 
Because a cylinc ‘rical tank was used, the inflow boundary, as shown in Fig. 1 (a), 
could not be duplicated exactly. Actual | boundary conditions that can be ob- — 

tained with the model are shown in Fig. 1(b). These conditions differ from 
those | of Fig. 1(a) only at the inflow boundary—a difference which becomes 


negligible for large values of r. | 
The model is is shown in Fig. ~The tank wall v was made of sheet aluminum 
. q oe and the floor was made of plywood, which was waterproofed with ps paraffin. The 


membrane, which consisted of ordinary nursery-type rubber sheeting, was 
- mounted on a ring made of brass strips. It was clamped to the ring with a 
tension band cushioned with strip rubber. The membrane assembly was sup- 
. ported by four threaded hangers from a cress frame mounted over the tank. © 
The ring and membrane could thus be raised and id lowered to ‘provide dif different — 
values of ha, the depth of water at the inflow. boundary. - The thickness of the 
membrane was 0.12 in., and its specific gravity was 1.45.  * tensile force of 
70 g per cm produced a unit strain of 0.2 in the membrane material. — In order — 
to make sure that there was no difference in pressure between the two sides of 7 i 
the depressed membrane, the electrolyte was placed on both sides (Fig. 3). 
_ Along the circumference of the ring, the spare part of f rubber sheet was raised 
7 so that ‘current from the tank shell could not flow through the solution above | 
the membrane. The surface profile of the depressed membrane was tos 
using a point-gage rule (Fig. 3). di 14 of 
ad The well was made of a plastic rod, } in. in diameter, on which was wound a 
helix of nichrome wire 0.032 in. in diameter ond with a resistance equaling — 
0.0193 ohms per cm, wire was seated in in.-28 threads, thus giving 
clearance of 0.0037 in. betwe een adjacent turns of the wire. This arrangement 
iZ made possible a uniform potential drop along the length of the rod. Prior to 
i winding, a ¥;-in. . slot was milled lengthwise in the rod, and a din. b brass stube 


was placed in the slot. “ This tube could slide i in the slot toa a height representing, 
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q the ‘whlder level ir in the well. Thus, by short-circuiting across the winding, the 
“measurement because of the regarding the electrical boundary of 
, the wire helix. The subsequent indirect method was therefore used. The 
,. Y entire length of the well was maintained at a constant potential, and a radially 
4 symmetrical, polar, potential field was imposed i in the surrounding electrolyte; 
4 such a field has radial, logarithmic distribution. By measuring the potential — 
_ along a radius, this distribution was obtained, and the results were extrapolated 
{ to correspond to a radius having | the same potential as the well. For the model 
4 om, the effective radius was found to be 0.314cm. | oe te 
‘The electrical circuits used are shown in Fig. 4 4 “Alternating. current was 
to minimize polarization. Two power sources were necessary. One 


& 


along the well. (The value of I, was used for all the tests and was maintained — 
by adjusting the resistance, R,.) The other source provided the current, Ir, 
_ which passed through the electrolyte and was analogous to the hydraulic dis- 
pst The potential drop between any two ‘points: was 1 measured using a 


and Ip were determined from measurements of potential 

‘resistances, and R,, respectively. _A water solution of 0.2% acetic acid was 

used for the electrolyte. _ After each run the | conductivity of the electrolyte 
was ‘measured using a cell especially constructed of plastic. 

The potential field in the electrolyte was surveyed using a probe inserted a 

through holes in the bottom of the tank. This probe was constructed of 

straight glass tubing in diameter through which a 17- _gage copper wire 
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‘Test Runs.—Kqs. 7 and 8 imply that single v alues 0 of Q/(K r%y) and hy are fe. ye 
associated with each particular set of values of of ha, Ta, hs, and r, we Selection of 
a a set for a single test run fixed the geometric configuration of the model. 
as Also, selection of ha and h, determined the value of (EH. — E,). The value of 
hy and the value of E, which is associated with it were found by trial as fol-— 
.* lows: The sliding tube in the analogous s well was adjusted until Eq. 4 was satis- 7 
fied by measured values of the potential the membrane me a 


_ the analogous water surface in the well. 


} Tank bottom Tank bottom” 


‘110 volts alternating current + 
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SLECTRICAL IRCUITS FOR THE ODEL 


value of ra fixed by the size of the tank. the effective 
diameter of the well did ” change, the value of Sin, was 115 for all twenty- - 


Mosca WELL 


During 1954, an experimental well located near Mosca, Colo., 
tested by W. E. Code and Mr. Peterson, one of the writers of this paper. _ 
Natural conditions at this ¢ site correspond closely to the ideal conditions im- a 
posed on the laboratory experiments. The shallow topsoil is underlain by 
extensive water-bearing gravel and sand, there is no upper confining s stratum . 
3 ft 


ft to 25 ft. Sand lay lense 


4 


A hole, which was 24 in. in taps was drilled to: of 57: using 


— 
j 
Tt 
ii 
— 
| 
7 
4 3 
> 18-in, well casing was set and the blank casing was withdrawn. The ground 
— 


3 
elevation at as taken as +94.0 ft. ‘six. were 
— a radial line north of the pumped well at distances ranging from 6.0 ft to a ' 
600.0 ft. - Other observation wells were located 112.0 ft west, 133.0 ft south, and — 
Big. 5 shows the initial elevation of the water in the observations wells, : and Y a 
“the elevation after 64.6 hr of continuous | pumping. After pumping, the water- 
_ surface elevation at the east, south, and west wells agreed closely with the draw- 2, . 


down a curve for the north radius, indicating radial symmetry. itd b 


_ of the Dapeit equation (Eq. 1) gave K = 2. 23 X 107° ft per sec. The 


Elevation, in feet 


oo 
> 


— Legend 
© North line of observation wells 
© South observation well 

East well 


5.—Drawpown Curve For THE ‘Mosca. (Coro.) Test Wenn 
a Theis “equation,” applied during the depletion period, gave K = 2.28 x 10+ 
ft per sec - The initial depth of water in the well, ha, was: 8 22. 0 ft; the depth, — g 


“of extrapolating the Jogarithmic curve to the outside the | casing (Fig. 5) 
yields h, -_ 8 ft. Subsequently a more accurate method of finding A, will fa 
be shown. effective radius, Tw, of the well was 0.72 ft. one 


alo Free-Surface Profiles—In order to reduce the observed free-surface profiles 


toa ar set of com :parable curves, standard values of r; and rz need to be :f 
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osen as To. 4 
value hy i is and the value. of he is designated as his. 
‘The value of 115 r, was arbitrarily chosen to correspond to the dimensions of 
7 the tank used. Choosing the elevation of his as the datum, Eq. 9 jays 
Available data from all sources were arranged i in the form of iq. 10 and were | 


MB te were » extrapolated u ‘using the Dupuit | equation. After” careful 
consideration, curves having the best fit were drawn (Fig. 6). For simplicity : 
only the data taken by t the writers, including the data for the test well at z 

Mosca, are Shown i in Fig. 6. ‘The data of Messrs. Babbitt and Caldwell are 


: ‘Fig. 8. The plotted curves are the s same for Figs. 6, 7, and 8. ime:noairrela 
‘Figs. 6, 7, and 8 show good correlation of the data from the 1 various ssources. 
The membrane profile agrees very well with profiles obtained elsewhere using 5 
; _ models, analogs, or numerical solution of the di differential equations, and with 
the field-test information. Whereas the membrane analogy is is not theoretically © 
exact because of the difference in the nonhomogeneous terms of Eqs. 5 and 6, - 
the results indicate that the discrepancy introduced by this difference cannot bs 
be material for the range of variables covered. This establishes the practical >» 
validity of the membrane analogy. The data of Mr. Yang and Mr. Hansen no 
indicate that the free-surface profile near a well is not a linear, logarithmic _ : 
~ function | of the radial distance in cases where the drawdown is large. Thisis 
7 important in the case of the Mosca well. _ Extrapolation of this free surface Z -_ 
- curve in Fig. 6 yields h./r. = 19 or h, = 13. 7 ft instead of 12.8 ft t found using 7 
the logarithmic extrapolation of Fig.5. nae ot 
The curves of Fig. 6 may be used to predict the free-surface profile for a » ' : 
well if the value of his and the depth at some other radius are known. | By 
combining g the use of these curves with those of Fig. 9, the free-surface profiles — 
may also ~ predicted if discharge and permeability and either hy, hs, or a 
Discharge Data.—Discharge was first studied in its relationship to the dan 7 
metric variables.at the well—that is, in relation to ry, hy, and h,, and to the ~ 
permeability, K. For this purpose the variables were arranged in the form of B : 
Eq. 2; data from all sources were plotted as shown in Fig. 9; and curves were 
(represented by solid lines) showing the variation of and Q/Kr*,, 
= Measurement of A, is difficult both in the laboratory and in the field be 
cause of the rapidly changing water-surface elevation near the well and the 
i E effect of capillarity in sand models. The discharge information has more gen- __ 
_ eral use if it is defined in terms of a water depth m measured at some distance 
from the well—an observation that can be made with confidence. For = 
_- purpose, hy/Ty i in Eq. 2 was replaced by hiis/te. The corresponding values of 
_ the latter variable are indicated | in parentheses in ‘in Fig. 9 | for each datum Ee re 


ore, : 
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viously plotted. Curves showing. the variation in in he/te are drawn as dashed 
te In general, the data from all sources correlate well i in Fig. 9. | Data obtained 
using the electric-membrane a analogy | agree closely with values obtained from 
other experiments, the numerical solutions of Eq. 6, and the field test. The — 
advantages of the electric-membrane-analogy combination are: (1) Valuable 
information may be obtained rapidly and inexpensively; (2) capillary 
_ which are often considerable i in sand models, are eliminated; and (3) the water 4 
depth, h,, immediately outside the well casing is — and readily measured. 
Knowledge of any two of the variables, Q/K | hw/Tw, OF 
va makes possible the prediction of the other two variables from Fig. 9. For in- 
stance, if the discharge parameter, Q/K r*y, and either hw/Tw, OF his/Te 
_ are known, the other geometric variables may be predicted. V With these vari- 
r? ables, Fig. 6 may be used to predict the entire ‘free-surface pr profile. Farther 
uses of Fig. 9 include predicting discharge from drawdown and permeability 
4 and predicting the height of of the seepage face. 23 at 
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Fig. 10.—Raprau Firow Parrern ror a GRAVITY Wen Sis so! 


The Mosca well test provides an opportunity for the field evaluation of the 
if laboratory and theoretical results ‘reported i in Fig. 9. ‘Using the value of h. 
Fig. 6 and the reported data yields Q/K = 315, hiis/tTe = 


27.1, = 19, and = 13. 9. These data for the field test st agree very 


Potential Distribution —Fig. 10 shows an example of the distribution of the — 
potential in a radial plane determined for one of the test runs. The flow net 
_ was drawn from measurements of the potential made using the probe and = 
values are recorded in the figure. fepail 
‘The potential along a free surface must satisfy the gravity criterion expressed : 
by Eq. ihe _ The numbers in parentheses in Fig. 10 were computed using ob- 
served values of z for the membrane. These values may be compared with the. 
measured potential values to demonstrate the degree to. which the depressed 
membrane actually satisfies the gravity criterion, bet oats Lav: 
: _ The velocity of the water approaching the seepage face was computed from a 
the equation, V = K cos 8, using values of 8 obtained from the flow net. A 


eu curve » showing the computed velocity distribution at the edge of the of the well is in- 
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ary below the hw, remains an isopotential surface. Actually, the 
ay acceleration of the | inflowing water along the length o of the well screen modifies" 


the uniform potential distribution along the length of the actual well, Fig. 
10, at least theoretically, shows how to place the well « screen most economically — 
in so far as best hydraulic performance is concerned. 

Fig. 10 also shows the location of the free water sei computed with the 


> 


Dupuit equation. Whereas deviations are large near the well, agreement is p 
7 good at large distances. . The Dupuit equation has been used for determining _ 
_ permeability by means of pumping tests. Fig. 10 may be used to indicate the _ 

7 distance from the well at which reasonably accurate results might be expected. : 
Hective Radius.—t —For a developed well or a well with a gravel 


wellscreen. In 1947 C. E. Jacob" analyzed this problem and proposed srt 
for determining the effective r radius of an artesian well. Fig. 9 may be used 
by trial and error to determine the effective radius of a steady -state well in an 
unconfined aquifer. If the values of Q, K (from a pump test), hw, and Aiis are 
known, a trial value of ry is assumed, and Q/K vy hirs/Te, and are com- 
puted and plotted i in Fig. If r. has been correctly assumed, this point will 
correspond with the curves of Fig. 9; if not, a new value of r. can be assumed 
— and the the procedure can be repeated until until s substantial agreement is reached. BAe 
‘Even en for the idealized case of a , fully penetrating, steady-state well in an — 
unconfined aquifer, exact mathematical expressions relating the geometric and © 
flow variables h have not been found. Much empirical information has been 
collected by many investigators, however. - Some of this information has been 
obtained from field tests, but most systematic investigations have been made © 
using ¢ sand models or electrical analogies using carbon wedges. The use of 
: _ sand models is cumbersome and the capillary effects are large. W hen carbon - 
j wedges are used, the free surface must be carved to a radial profile located by 
trial and error. Numerical solution of the boundary-value problems by two - 
‘different investigators for ten specific cases has also been accomplished, but a 
this task is slow because of the radial convergence of flow. = 
— facilitate systematic interpretation of empirical information, dimensiona) 
considerations were used to ) arrange the variables in postulated functional ex 
pressions, which are stated as Eqs. 7,8,9,and10. Inorder to obtain adequate — 
data rapidly and with a minimum of effort, apparatus was used which com- — 
bined the electrical analogy for flow 1 with the membrane analogy for : a free - 
surface. Using this apparatus, data for a number of simulated cases were _ 
readily obtained. — Data from one field test of a well under the rather idealized — 
conditions of the | also collected. The validity of the membrane 
analogy i is substantiated by the correspondence « of veomlte i from numerical solu- 
tions, sand models, and an actual field test. |} 


«28 “Effect of Well Screens on Flow into Wells,” by Jack Sterling Petersen, thesis presented to Colorado 
State University, at Fort Collins, in 1951, in partial f ulfilment of the requirements for the degree of Master 
“Drawdown Test to Determine Effectiv of Artesian Wells,” by Cc. acob, Transactions, 


ol. 112, 194i, pp. 1047-1070. 
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The are (1) relationships of the dynamic rela- 
tionships between flow variables and geometric variables, and (3) potential-and — 
flow-distribution patterns. Geometric relationships are presented in Fig. 6 as 
a single family of water-surface profile curves; the curves in this figure are based 7 
on data from all av’ ailable owen Fig. 6 also shows empirical data for com- 
parison with these | curves. . Fig. 9 shows the relationship between the flow 
_ variables of and permeability. with the well T», the depth 


e curves of Fi igs. 6 sad: 9 may b 
values of the unknown variables if certain other variables are known. 4 
particular interest is the magnitude of the seepage face at the well boundary, 
which may be computed as the difference between h, and hy. Fig. 10 is a — 
_ typical example of a radial flow net for a specific case which ms investigated — 
by the writers. Also shown in Fig. 10 is the velocity distribution at the bound-— 
of the well for the specific case considered. 
experimental work resulting in this paper was conducted by Mr. Zee in 
the physics laboratory of the Colorado State University at Fort Collins during __ 
. 1950 and 1951 under the direction of Mr. Peterson and Mr. Bock. This work = 
w was accepted for a dissertation leading to a degree in irrigation engineering in 


1952 at Utah State University in Logan. Mr. Hansen directed the w: writing — |e 


of the dissertation, and Mr. Code a and Mr. Peterson conducted d the t tests of the 
The following symbols, adopted for use in the paper and for the | of 
conform essentially with ‘‘American Standard Letter Symbols - 
a Hydraulics” (ASA Z10.2—1942) and “American: Standard Letter Symbols for 
Electrical Quantities” (ASA Z10.5—1949) "prepared by committees of the 
American Standards Association with Society niptenentetinn and were ap- 


proved by the Association i in 1942 and 1949, respectively : ye oT 


E = electromotiv re potential or voltage; 9 hme 

=~ «Ba, E,, , E. = electromotive potential at the tank boundary, at the outside © 

of the well, and at the well, ‘respectively ; 
f = functional relationship; wok wot na 
rt h= piezometric head at any point in the field; also the elevation of the : 


ha; h, , = piezometric head or elevation of the free at ‘the tank 


boundary, outside the well, and at the well, respectively ; 
=e 


lectrical discharge or current: bist ates aloboct bra: 
= electrical discharge through the electrolyte i in the fie , 


ase 


a 

et 

a 
4 


- 
= 


= the (sometimes as hy ara 

total discharge of the ‘hydraulic system; 


radial coordinate from the well axis: gould a : 


radius of the well; odt xd bodivoss ab 
dou Ta “ae radius of the tank; o wi law 
= model | constant ; electromotive-potential gradient i in the direction, a 


_T = unit tension in the membrane; BUG 


y to att 


ang of inclination of a streamline at the well boundary; 
un 


mite 


= con 
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¢ ON WELL FLOW 
Rozert E. Guov _ASCE.— —The ingenious. electrical analogy 
arrangement described by the authors facilitates investigation of flow condi- _ 
a. tions near a well in an aquifer having no upper confining bed. — Such devices 
are often xn needed because the formulas usually used for engineering purposes - 


are based on simplifications and Ww which exhibit their 


3 A common idealization i is based on the following simplifying assumptions: 5 
(1) The gradient of the free surface is conserved throughout the depth of the 
aquifer, and (2) the reduction of the area available for the flow of ground water, 


caused the depression of the free surface as the well i is approached, is | 


the aquifer. ~The in actual often this limitation 
and thus induce a search for more elaborate solutions which will provide — 
closer approximations. . However, many actual cases involve transient phe- 
nomena, and the added mathematical - diffieu ulties introduced by the time 
_ factor provide powerful incentives for retaining the simple idealization prov 
. a The best solution to these difficulties seems to be to use the simple idealiza-_ 
tiom as long as the drawdowns retain tolerable values and to supplement these 
- solutions with a special investigation in the zone of large drawdown near the 
well. The electric ‘al analogy device should provide a@ means of making this 


ody represents the draw down, or lowe ering, of the free water surface in an 
aquifer having an initial water depth, D, a permeability, K, and a ratio of 
_ drainable voids to total volume, », the simple idealization described 1 yields | the 
following expression for the condition of continuity: Tettor 


tons must be ‘considered. 


rie 


— 


ential are of ‘the same form. it follows that the. membrane can take 
_ forms which closely represent the drawdowns obtained from this idealization. 
= state of Eq. 11 which corresponds to Eq. 1 is wine 

Silke 


2) 


in which y, represents the drawdown at the tach 


¢ “4 Research Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, » Colo. spaniel rar 
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Q, tom a well of radius, Te is given by th the exponential integral 1 formula, 


WV. D. Rainville'* have noted that, if this integral is expressed 
in <>» usual series form in terms of powers of the quantity which appears as _ 
.. the lower tant of this integral with a logarithm term and a constant, the t terms _ 
im the denominators. ~The last term to disappear is the one which is raised a 
a to the first power. If this term is retained and two values of y are. eubtraeted, 
an expression of the type of Eq. 12 is obtained, together with the difference 
s the two-first power terms. It can then be seen that the transient ease 
to Steady “state behavior between the radii, fo and when 
It i is inferred from these results of the approximate theory 4 Shas if rs repre- a 


_ sents a radius at which the drawdowns remain small compared to , a steady — 
state continuous with the solution to Eq. 13 at r = r2 may be constructed in _ 
the interval, r. to r2, by electrical analogy or by other means to Ae ol 
properly the true conditions between r, and rz at that time. 
constitutes satisfaction of the requirement of Eq. 14 in any, gives 
i. meet be decided on the basis of the accuracy desired or attainable. The — 
_ aquifers | found i in nature often depart materially from the homogeneity postu- ; 
lated in the idealization and, through these irregularities, often limit the 7 
Vaueun E. Hansen," M. ASCE, —The progress which is being made to 
solve the complex problem of the hy draulies of unconfined wells is encouraging. vr 
_ Significant advances have been made since the writer applied the membran is 
_ analogy to wells'* and introduced the concepts of the discharge and well para 
a eters.’ _ The experimental data obtained recently by the authors have added 
considerably to the knowledge of unconfined wells. The design curves of Fig. 
and Fig. 9 are > useful | and valuable summaries of these da 
‘oe In reviewing the dimensionless plottings of the free-surface profiles shown in 
Fig | *Fig. 6, the writer believed that plots of this nature would become even more 
- useful and meaningful if parameters could be selected which reflected | a . better : 
picture of the actual free-surface profile. The ‘disadvantage of basing the 
_ 16“'The Relation Between the Lowering of the Piezometric Surface and the Rate and Duration . at 


Discharge of a Well Using Ground Water Storage,” by C. V. Theis, (a Am. Geophysical Union, _ 
teenth Annual Meeting, 1935. = | Tol 


46“Analysis of Pumping Test,’’ by W. H. Taylor and E. D. Rainville, of Reclamation, U. 8. 
Dept. of the Interior, Denver, Colo., ebruary 2, 1937 (informal memorandum). 


_ The transient-state solution fi the ¢ case of a constant rate of withdraw wal, 


Prof. of Irrig. and Drainage Eng., Utah State Univ., Logan, Utah. __ 


Pas __ 18“Complicated Well Problems Solved by the Membrane Analogy,” by Vaughn E. Hansen, Trans- ae 
actions, Am, Geophysical Union, Vol. 33, No. 6, December, 1952, p. 912. So 
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HANSEN ON WELL FLOW 


115 times the well radius could also’ be avoided 
“in considering this need further it. appeared reasonable that the ielowing 7 

ctional relationship of well variables would uniquely define the free-surface 7 


“The variables. of Eq. 15 ca can be grouped i in dimensionless form as wt A. 


bes Because quantities are still too many to clearly. on a two-dimen- 

4 sional graph, the following combination of the four parameters of Eq. 16 was 


* 


x 


Ea. 1 


 unsidered's in an attempt t to find three parameters which would g give e the desired 
7 picture of the free surface and also provide a 


har oy vail yet rho Ae) dni alle re ad 
~? The grouping of parameters shown i in Eq. 17, when plotted with (h — he)/te' as 
the ordinate and as the abscissa with a family of C(h. he) -curves, 


would illustrate free-surface as the water the well. 


results of this computation a are shown 1] mr is apparent that two 
surface profiles were obtained for the si same (he — he)/to = 16. 0. 


“The Use of Combined Electrical to Investi Flow into 
Wells,” by Chong-Hung Zee, thesis presented to Utah State ricultural Co! tigate at Logan, in 1952, in — 


— 
ti 
ad 
‘ 
— 
a 
a 
determine the uniqueness of Eg. 17. the values of the three dimensionless 
i Gistinct and unique relationship Was observed Which veriles (Within the range 
— 


LUTHIN ON WELL row 
of date: available) the validity of Eq. 17. three profiles 
_ described by Mr. Zee contained, entirely by chance, two profiles with the same rm 
value of (h — he) wh which deviated as widely as any data in his paper from 
_ the best-fit line. Because additional data are not available one cannot indi- 
_ eate the correct family of curves for Fig. 11. However, the ceaiainane. 
random variation of the data from the best-fit curve of Fig. 12 does verify that — 
- a unique family of curves exists for Fig. 11 and Fig. 12. Itis suggested that the 
7 _ family of curves be developed for Fig. 11 with the data used to develop Fig. 6. — 
4 «Ati is felt that Fig. 11 will be more useful than Fi ig. 6 because the resulting curves = 
aa the free-surface profile | and because the a . arbitrary radius of 115 well ~ 


the authors have been able to produce solutions to important practical problems [o. 

of unconfined wells. method used is ‘simple, yields solutions of satis- 
~ factory ac accuracy, and is certainly an improvement « over the laborious numerical > * 

methods and other techniques used previously, 
. W ith reference to tw o of the boundary « conditions which : are used by Messrs. 2 
Zee, Peterson, and Bock, the free water surface is an essential part | of the 
ie and is provided by the membrane analogy. The free water surface — 
- is normally — considered to b be in equilibrium with the atmosphere (a ‘Surface 
at atmospheric | pressure) and is usually ‘assumed to. be a limiting surface or 
4 boundary of the flow region. Mr. Muskat a free surface as a “‘stream-— 
_ line along which the pressure is uniform.” If one accepts this is definition , (as- 
suming &tmospheric pressure along the free water surface), then the occurrence 
_ of a free water surface in ground-water flow is more or less fortuitous because - 
_ streamlines do 1 not necessarily coincide wi with equipressural s surfaces. _ Also, the 7 
flow system is not limited by the free water surface because considerable flow can 
- occur in the capillary zone lying above the water table. The water table simply : 
_ Tepresents an equipressural surface within the interior of the flow continuum | 


and, in general is not a stream surface.? 
ya The importance e of flow in the capillary zone is of course dependent ¢ on the . 
"relationship | between the quantity of flow i in the capillary zone and the ye in 

the ground- -water zone or saturated zone lying below he water table. 
‘Day and the writer” have measured the lateral flow above a sloping water a 
table. ~ For the sand used in the experiment where the flow section below the | 
was: approximately 30 em tl thick, about half the total flow was 


above the water in the capillary zone. However, for a ground-water 


= ¥ 4 


~ 


= than 2% of the total flow, , indicating that the authors v were ° correct in ignoring 

pulary zone in their ana 
_ The Laplace equation is not valid for flow in ‘the capillary ' region, and any r 


‘analysis of the total-flow continuum ona solution of JoV Yo. 


™ Associate Prof. of Irrig., Univ. of California, College of Agriculture, Davis, Calif. Yonmnl se 


-“ 
om “The Flow of oe Fluids Through Porous Media;"’ by M. Muskat, McGraw-Hill Book Co., - 


2 “Lateral Flow Above a Sloping Water Table,” by sean N. Luthin and P. R. aaa Proceedings, — 
Soil Science Soc. of America, Vol. 19, pp. 406-410. 
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ON WELL FLOW 
in which Ki is a function of the soil-moisture tension. The relationship between — ; 
K and the soil-moisture tension may be determined experimentally, although 7 
as 4 E. C. Childs and N. Colis-George* have proposed a method of of computing this fe 
relationship from the soil- moisture characteristic (a plot of soil-moisture 
Although the of a free water surface may be justified i in problems 
mn below the water table is very large 
- compared to the capillary zone lying above the water table, it is doubtful if 7 2 ; 
the concept can be applied with accuracy to certain problems of agricultural — 
hydrology, highw: ay drainage, and other flow problems involving thin-flow a 
regions below the water table. Wtete eed dba 
a a The existence of a seepage surface at the well boundary has been adequately 7 4 
investigated by the authors as well as by other er engineers including Mr. Hansen.” 7 4 
= However, as has been indicated, there is still an area of doubt as to the reason 
for the existence of a seepage surface. ~The reason usually given is that it must 
_ exist; because if it is assumed that there is a lack of a seepage surface, the i im- ; 
‘4 possible condition of intersecting streamlines with infinite velocities results. aq 
4 Having & seepage surface becomes apparently reasonable when the condition — 
4 necessary for water to enter a well is considered. ~ Fort water to pass as a liquid a 
+ from a porous medium into the atmosphere the only requirement is that the 
= pressure of the water i in the porous media be equal to or greater than at- 


a mospheric. * Such a condition is encountered i in the situation of ground- -water 


"oe In a homogeneous soil mass of uniform permeability the lengtb of the 

’ seepage surface is independent of the s soil permeability. Such uniform ‘soil 
conditions are seldom encountered i in practice, and usually the well penetrates 

a more permeable stratum. — _ The greater the ratio of the permeability of the 

_ penetrated stratum to the permeability « of the overburden, the smaller the 
seepage surface. This conclusion can be inferred from the results of experi- 
hla in which the steady-state flow toward a well, penetrating an aquifer 


; * ing a permeability 100 times that of the overburden, was analyzed. _ The 


distribution of hydraulic head indicates that the water moves V vertically out of 


_ the overburden to the aquifer and then moves laterally to the well. One can 
_ infer that the seepage surface in this case would be rather small because water 


Fit 


is passing from a laye er of lower permeability toa layer ‘of higher permeability. wl 


— Congratulations are offered to the authors for their 
extensive contributions to well hy draulics. “ However, it should be emphasized 


a that the membrane analogy really does not exist for unconfined wells in the 
‘ exact sense. — In Eq. 6 the second partial derivative of the piezometric head, ae 


he Permeability of Porous Materials,” by E. C. Childs and N. Colis-George, Proceedings, Royal — 
Soc. of London, Vol. 201, 1950, pp. 392-495. att lo elavieite 


of Soil Moisture,” by L. A. Richards, Am. Vol. 31, 1950, 


“Numerical Analyels Flow Through Aquifers ‘Toward Ww ells, by. N. Luthin and V. H. 
Scott, Agricultural Engineer, Vol. 33, 1952, pp. 279-282. 

26 “Pressure Distribution in Layered Soils During Continuous Water Flow,” by P.R. JamesN. 

a Luthin, Proceedings, Soil Science Soc. of America, Vol. 17, 1953, pp. 87-91. ; 

Ansociate Prof., Dept. of Eng. Univ of Michigan, Ann Arbor, Mich. 
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ZEE- PETERSON-BOCK ON W WELL FLOW 


witha respec t to the ‘elevation, z, is not err to zero for annladias wells. Itis 
true that on the free surface A is equal to z, but the equality of h and zis not 
maintained in the interior of the flow. The error therefore may not be small 
5 - when the drawdown is not negligible compared to the asymptotic depth of the 
‘s saturated layer. It is precisely because of this fact that the consistency of the __ 

7 data presented by Messrs. Zee, Peterson, and Bock with data obtained by pre- - 

vious investigations (particularly with those obtained by re relaxation) is heart-_ 
ening. This consistency seems to indicate the general reliability of the results _ _ 

_ and establishes the fact that, in spite of the lack of a rigorous membrane analogy, — a 

an approximate ‘membrane analogy nevertheless ex exists, the use of which has. 3 

a A great service would be rendered to the engineering profession if the task — ; 
of finding the exact solutions were undertaken for a few cases in order to provide | 

_ additional checks to the results obtained by Messrs. Zee, Peterson, and Book, 

_ especially i in the areas where only their own data exist. This would definitely _ - 
- establish the validity of the authors’ results, which cover a wide range of a : 

af en ad¢ to lagionixve » «i 


Cuone-Hune Dean F. Peterson, Jr.,* M. ASCE, anp Rosert O. 
oy —The suggestions and comments of the discussers are most amp ol 
Me Glover states that actual wells a are almost invariably i in a transient state. 


outlines the conditions under which a state may be postulated without 
‘their makes possible the use of a ‘substitute: steady state in order 


“wets The writers agree t fhet curves in n the form of ‘Eq. 17 w ould be better than - 


made by Mr. "Hansen vd complete theoretical validity. Eq. 15 contains © 
five variables all having the dimension of length. Because only one funda-— 
= mental dimension n is involved, dimensional analysis can reduce these variables - 
to no less than four; therefore, Eq. 16 appears valid. Algebraic manipulation 
cannot reduce these variables to three as in Eq. 17. — If Eq, 17 is valid, one of 
- the vari riables of Eq. 15 would have to be redundant or insignificant. . ‘There 
can be an arbitrary choice for the fourth variable for Eq. 17; s however, he/Te 
As a practical matter it is possible that h./r. can be discarded, which is the — a 
_ same as discarding hy in Eq. 1. The test for validity must be an experimental ot 


28 Structural Designer, and Cons. New York, N. Y. 
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cussion is a The writers that have been ut 
to complete such an analysis ; however, all five variables 
of Eq. 15 appear to be significant. 

shown in Fig. 11 correlate fairly well at nine = 115 ‘may indicate that one a 

_ the variables becomes relatively unimportant at this distance. Eq. 10, on 

_ which Fig. 6 is based, follows from a consideration of the membrane oniy _ 
and is independent of hydrodynamics as such. — The only relationship it has 

to the: hydrody namic case is mreperand the validity of the membrane as an 

veo the question of capillary effects and describes the com- 

_ plicated phenomena involved when such effects are considered. The state- 
ment regarding the relative importance of such effects, in terms of specific — 
field | conditions, is useful in applying well hy draulics to ‘practical problems. 

Tt One obstacle to studying well hydraulics by utilizing simple scale models is q 

‘the presence of capillary effects which cannot be scaled. The see 

analogy eliminates these effects and is valid if capillary effects in the field 
_ are negligible. This is a principal advantage of the method as compared to 2 
Mr. Yih states that the membrane analogy is not a rigorously correct 
one because the second derivative of h with respect to zis not zero. Although 
os this is true, the differential equation fi for the membrane i is not rigorously correct 
a if the drawdown is appreciable because in deriving Eq. 5 it was , assumed that 
the slope-length component, d,, was equal to its horizontal projection. The 
iu a writers do not know of a solution of the complete differential equations of 
elasticity for a circular membrane of finite unit weight large central 
deflection. The similarity of Eq. 5 to Eq. 6 implies an approximate analogy 
; which is borne out by " the consistency of data obtained from its use with | 


- data from other sources, , particularly with those from solutions using relaxation 


If i in Eq. 6 i is equal to zero and if the weight. of the membrane i 


bd 


of the form of Eq. 12—that is s, linearly logarithmic ix in the radial 
‘” 4 In this case both problems may be quite easily handled by the simple potential 7 4 
theory. ‘The experimental data do not ‘seem | to a linear logarith- 4 
Pees _ It would not be surprising if, for correct boundary conditions, 
- small deviations of the membrane from the true position of the free water 
: 4 ‘surface made little difference in the discharge and seepage faces. of However, 
_ the evidence substantiates that the membrane closely describes the true 
location « of the free water surface. The membrane analogy, in combination — 
with the electric analogy, therefore, constitutes a new and useful tool for alll Bs 
q solution of problems of flow to a well. ai 
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_ ANALYSIS SHEET- PILE RETAINING WALLS | 
ah By F. E. _RICHART, Jr... A. M. ASCE 
Discussion spy Messrs. ‘PETER W. Rowe, anv F. E. Ricuart, Jr. 
_ A method for analyzing sheet-pile taiaien walls is developed by consider- | 
_ ing the piling to be cut at the dredge line. The shear, moment, and backfill — 
"pressures, due to the material above the dredge line, are computed and d then 
applied as loads to the embedded part of the pile. — This embedded length a 
_ then treated as a beam on an elastic foundation in which the stiffness of the 
elastic: foundation is assumed to increase linearly with the depth below the 
"dredge line (zero at the. dredge line). This type of foundation corresponds 
- approximately to the behavior of sands. Curves have been prepared which ‘i 
_ show the the variations in deflection and moment in this seciion of the pile, caused - 
a concentrated shear or moment at the e dredge line or a ubiform preeuse, 
- along the embedded length. Using this information, a procedure for analyzing 
a chosen sheet-pile installation is presented, and 1 the 1 results for two examples 
_ are compared with those given by the “classical” procedures for such structures. 
; _ ‘The results of this study show the meen of the relative flexibilities of the — 
} fen The letter symbols adopted for use in this paper are defined where they __ 
first appear, in the text or by illustration, and are arranged for 


aif od Inrropuction a sved of ba 

paper by Karl Terzaghi, Hon. M. ASCE, emphasized the need for 

the wall in the for sheet-pile retaining 


?“Anehored Bulkheads,” by Karl Terzaghi, Transactions ASCE, Vol. 119 954, p. 1243. OVE 
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SHEET-PILE “WALLS 
"Tests on models w. -Rowe® and by G. P. Tschebotarioff,! 
AS ASCE, have indicated a reduction of the maximum bending moment and the 
= anchor load to values’ considerably below those computes from the classical 


aq In addition to sonsideting wall flexibility, Mr. -Rowe’s tests also included an 
- evaluation of the density of the material into o which the model wall was em- 
bedded. Consequently, Mr. Terzaghi proposed that curves based on Mr. 
 Rowe’s tests | could be utilized during the design of a particular sheet-pile w all. 
‘That is, the curves 3 permit a an estimate of the reduction below the free-earth- | 
_ ysupport values of bending moment and anchor pull caused by the wall flexibility — 
condition of the sand in the passive pressure zone. tie 
_ However, Mr. Rowe’s curves were based on laboratory tests of dry ma-— 
r terials which had approximately the same density above and below the dredge 
line. particular parameters were: (1) The wall flexibility | 
a number, p p = (H’)*/E I ft* per lb in. per ft, in . which H’ is the total pile length, — 
_ in feet; (2) the nr ao location defined as the distance, 8 H’, from the 
top of the pile; (3) the length of pile embedded below the dredge line; (4) the 
surcharge; and (5) the type and density of material supported by the wall. 
_ Thus, considerable judgment is required to extrapolate this test information — 
5 for use in actual pile design. However, such tests establish criteria forevaluat- 


ng existing design procedures, and, until data from tests on prototype struc 


tures are reported, they are the most reliable available. 
¢ The reduction i in bending moment and anchor pull found i in the tests* ‘was 


"pressures. “Because ‘the fixity « on the relative stiffnesses of the sand 

| and the wall i in this region, the theory of subgrade reaction can be utilized to 

be estimate the — e importance of each quantity under several types of loading ~ 

Previous of this type have been made by Paul Baumann,’ M. 

a _ ASCE, I. Rifaat,* H. Blum,’ and others: to study the behavior of single piles 

and sheet- pile » walls, This paper is an attempt to extend the previous ana- 

; omnes studies of — walls. anes order to make the results of rather tedious. 


The subgrade ‘material is assumed to behave as a series of independent 
elastic springs. Furthermore, the rigidity of these springs is assumed to vary 


4 linearly with depth and to have a value of zero at the surface. This assumption 


#“Anchored Sheet Pile Walls,” by P. W. Rowe, Inst. of C. E., London, Vol. I, January, 
4“Final Report, Large Scale Korth Pressure Tests Model Flexible Bulkheads,” "by 
‘tariff, Princeton Univ., inceton, N. J., 1949. 


“Die Spundwand als Erddruckproblem,” Rifaat, aus Institut far 
= No. 5, 1935. 
sur ‘Berechnung von Bohlwerken, by H. Blum, w. Ernst and Son, Berlin, 1951. 
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SHEET-PILE WALLS 
walls embedded in sand. Loose sands have a linear relation- 


_ ship between the initial tangent modulus and the lateral confining pressure for i 
pressures up to 40, 000 lb ‘er sq ft. sands exhibit a 


but up to approximately | 4,000 lb per sq ft of pressure ue curve can an be approx 
mated by a straight line. Because an overburden height of 40 ft of dry sand — 
b or 60 ft of submerged sand is required to produce a pressure of 4,000 lb per — 
; sq ft, the usual embedded lengths of sheet piling (acting on sand) exhibit an) "4 


approximately linear between deformation and pressure for small 


In ak: a ene sheet-pile wall, the structure is cut at the dredge ( 
, -iine, and the subgrade theory is used to analyze the behavior of the embedded 7 7 


- length of pile due to the applied lo: ads. _ These loads consist of a moment and a 


. a K,= Coefficient of active earth pressure 
acicéian Fa: ‘Po Active pressure caused by the backfill 


aS 
Pte | i 


concentrated s shear force, at ‘the | line, as as the horigonta! 
"-pressure ire along the embedded length produced by the overburden pressure. 
_ This horizontal pressure is the active earth pressure generated by the weight | 
of the backfill and the surcharge; it is assumed that this pressure | is constant 

along the embedded of the pile. Before backfilling or ‘dredging, the 


earth pressure enerted by the 
original embedment depth the ac activ ve earth by the | 
On the outside face the original earth pressure at res 
; crease in pressure due to the passive resistance of the soil is generated. Fig. 1 
q shows those conditions of pressure distribution. - In this analysis, it is assume 
that the active pressure on the inside face is equal to the earth pressure at rest 
on the outside face so that they cancel each other. This approximation con-— 


tributes | conservative er error to analysis as it the Testraint offered 
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earth pressure. - This leaves only the active earth pressure en to the backfi 
asa uniform load and the passive earth pressure as the reaction. — W ofiqt onde 


NALYSIS OMPOMENT OLUTIONS 


_ _ If the sand is considered to chia: as an elastic medium, the relationship 


2 


_ between the wall en and the horizontal reaction pressure it develops 


of the beam according to the expression, 


_ which hs and b are constants saul z is the distance along the beam from a 
fixed point, J A. For the particular case of the subgrade coefficient equal to 4 
at the surface (= to C at the bottom the pile (2 = 


in which zis , the distance ithe the top of pile. Using Eq. 6in in the differential — 
equation of bending for a segment of a beam, 


“Theorie des Trigers auf elastischer Unterlag,” by K. Hayashi, Julius Springer, Berlin, 1921. 
“Beams on Elastic Foundation,” by! M. Hetényi, University of Press, Ann Arbor, 
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‘SHEET-PILE WALLS 


dat 


The term, a, is a dimensionless quantity which relates the stiffness of the = 
(C) to the stiffness of the sheet- pile : section (E I/D‘) and, conatquentiy, it is — 
designated the “flexibility coefficient” in this analysis. 


The solution of Eq. 10 by means of the recursion formula | in 


. the component series involved in the general solutions are we 6 


21! 


4X9 X 14 a? 
|, 
From the foregoing expressions for the deflection, the expressions for slope, aa 
moment, and shear at any pe point on the beam can be obtained by ‘ucceasive 
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‘The boundary conditions at ¢ = 0 (dredge line) and at at | 1.0 (bottom o -) 


| ermit the evaluation of the constants in Eq. 12. Brest 


7 7 T T 


id 
= 
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iy 
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In Eq. 4 the various derivatives of y with respect to the dimensionless" 


quantity, f, are represented as s coefficients, Ke, Ky, and K These exp expressions 
_ for K have been evaluated for the range of { from 0 to 1.0 and for a range of a 
_ from 50 to 10,000 for end moment only and for end ol shear only” (Figs. 2(0), a 
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Load Only- ——W hen a uniformly distributed load is carried a 
resting on the ty] pe of elastic foundation as described in the foregoing, 
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Solution of Eq. 16 is obtained by. adding és fu 


_ Do 5 X 10a! 10a! x 10 X at, 


+ 


the 


\ line), C4 and Eq. 18 is thus : simplified. 
The a for deflection (K,) and for slope (Ke) of the pile at the 
= 0) are given in Fig. 2(0), and the coefficients 


> 


Before ‘the results. of the in the foregoing 
section can be used, it i is necessary to evaluate, at least etn saad the — 3 
LE 1- —Coxrricient or COMPRESSIBILITY (C) oF ‘SANDS 
WALLs, Roratine BAsE 


a 


= 
of sand "Condition of 

© 


2 _ @ The values of C were computed from test data reported by Mr. Terzaghi (footnote 10) for which the _ 
value of the coefficient of lateral earth pressure varied from0.2to2.2,0 


Terzaghi” have been used as a basis for values of C1 for loose > sand, 
dense sand, and dense sand which had been disturbed by wall movement. The 
ie latter sequence of wall movement involved the rotation of a rigid wall about its a 


base (1) into the sand and back to the original position, (2) outward from the - 


original position and back, and (3) again into the sand. It is this third wall £3 a 
aa 


movement that is considered to act upon disturbed sand. For sheet-pile _ : 
walls, the working back and forth of the pile near the dredge line would loosen 
: sand and w vould tend to compact loose sand so that an equilibrium condi 
tion corseapenting roughly to the disturbed condition above would eventuall 
Ke Test information"* 0 obtained by] Mr. Terzaghi, ‘relating the lateral pressure 
coefficient to the lateral : movement of the wall, was used with Eq. 4 to compute 
Be: the values of the coefficient, C, which are given in Table 1. Because the em 


“Large Retaining Wall Tests. of Dry Gants, " by Kari Engineering News-Record, 


— 
— 
— 
— 
4 
ag 
— 
5 


= 
ye: 


. bedded length of a sheet pile bends as well as rotates about some point near — 
‘ the tip, the distribution of passive pressures along this length is different from _ 
that along a rigid wall of comparable height. Consequently, it is assumed that 
z for a preliminary analysis of a specific problem it will be satisfactory to de- 
. termine the coefficient of subgrade reaction at the bottom of a given pile 1 from 


_ in which D’ and C are e given in ibe Cols. 2 and 4, respectively, and Di is” 
the embedded length of the particular pile. 2 The subscript, n (corresponding a 
“to the number in feet), is used to denote the depth associated with a particular — ; 

— order to use the coefficients given in Figs. 2, 3, 4, and 5, it is first neces- 

to determine the values of moment, ‘shear, overburden pressure which | 

at at the | dredge line. For cantilever piles, this is relatively, easy as both 


-moment and shear can be determined directly by! statics. statics. For anchored sheet- ¥ 


"Above the Line by Soil Load Only; ‘Deflection the Dredge Line Caused 
Pty, é by Anchor Pull; (d) Deflection at Dredge Line and at Anchor Point Caused by a Moment ree /3 
— @& the Dredge Line; (e) Deflection at Dredge Line and at Anchor Point gi sae j 
Caused by a Shear at the Dredge Line; and (f) Deflection at 
_-- Dredge Line and at Anchor Point Caused by Uniform 


Pressure Below the Dredge Line. _ 


more of the conditions must be into the problem. For 
a bulkhead with a single anchor point, it is convenient to it to consider the deflection = 
the anchor point to be zero as indicated ht 
The subscript, 0, in Eq. 20 Guteesiah a. deflection at the dredge line due to 
‘These component deflections are shown in Fig. 6. Fig. 6(b) the wall is 
2 considered to be a cantilever above the dredge line and to be loaded by the 


active pressure of the soil. . The cefostion at the anchor point produced by 
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a these’ soil loads i is by Ys and is computed. th writer: 


deflections is are all obtained the computation of deflection is not 
1 
: 


line _-28 
40) 


u 


vd 


500 Ib per sq ft 


100 tb pet ey 


_p=683 +(0.33)(62.5)(h- 20) 


(6) B~-SAND OVER CLAY LAYER, 500 LB PER FT SURCHARGE 


Fie. 7.— -Exauries oF ‘SHEEt- Pie Watts 


‘inertia of this part ‘of the | pile eimeaiiies oceur for a pile section reinforced by 
ar cover plates. Because the value of the anchor pull is unknown, the moment 
vd u “Numerical Procedure for Computing Deflections, Moments, ‘and Buckling Loads,” "by N. 

Newmark, Transactions, ASCE, Vol. 108, 1943, pp. 1161-1188. 
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Example. Arep represents a bulkhead driven into clean, cohesionless sand and back- J 


- represents an extreme case which would probably not occur in practice Gotewse | 


20 now contains two unknown | aand Ay. Because a is 
-exibility coefficient composed of the soil compressibility, C, the depth of 
_embedment, D, and the E and of the pile section, various of 
these quantities can yield the same value of a. al 
Two of anchored bulkheads were to the the 


procedure. — _ The dimensions and loading conditions of each are e shown | nin Fig. 7. — 


filled with the same material. Example B is similar to Example A except that 
4 in Example B an 8- -ft layer of soft clay is situated just below the anehor lev 4 
and a 500-lb-per- sq-ft surcharge acts on the surface of the backfill. Exa mple F a 


the clay would be removed, at least in the vicinity of the bulkhead, and a sand | 
dike would be used to reduce the lateral pressure on the bulkhead. — Lt we 
The maximum moment, indicated by the equivalent-beam procedure! w 
7 92, 000 ft- Ib ‘per ft for Example A and ‘8, 000 ft-lb per ft for Example B. 7 a 
n., the section moduli equired are 
48. 0 cu in. per ft and 61 ‘Sou in. per ft, ‘Thus, section MZ-38 
— (46.8 cu in. _ per ft) can be used for Ex.mple A, and MZ-38, reinforced with 
s cover plates, 47 in. by ji in. (60.4 cu in. per ft), will be satisfactory for Example 
2 . The reinforcement for Example B would not be carried below the dredge: = 
line so that the value of E . sin the embedded part of the pile will be the sa 
Because C, deninly’ on es required length embedment, its value 
obtsinall by multiplying the value of C in Table 1 by the ratio D/D’. — For — 

a the examples chosen, the sand was assumed to be in the disturbed condition. .. 
- Three embedment depths, 0.4 H (16 ft), 0.55 H (22 ft), and 0.70 H (28 ft), © 
= ere used for the bulkheads of Examples A and B to give end restraints covering © 7 : 
the range from free to fixed. Table 2 indicates the procedure fe for ‘computing y 
the an anc chor pull, and the moment and sheer w which act on the pile at the dredge — 


unknown, bee hich can then "eh evaluated directly. Once the es of the 7 


anchor pull i is obtained, the moment and shear at the dredge line can be deter- La 
2 ne 
§ mined from Bath 21. _Then, by use of this shear and moment, and the uniform 4 


— 
___and shear at the dredge line may be written as 
— 
1 
— 
; 
i if 
— 
| 
4 
— 
= [7 a the flexibility coefficient, a. The component deflections are then obtained by a) 4 a 
multiplying these coefficients by the structural constants and the values of the 
Le applied loads. Since these loads are given, as indicated in Eqs. 21, the final __ — 
— 
— 
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can be ¢ computed by torn the socliiclents of Figs. 3 and 5(a), and, finally, 
= the reaction pressures can be computed from Eq. 4. Figs. 8(a) and 8() show 
the variation in deflection and pressure which result from the three depths of 


yay for Example A . In each case the value of C,, was determined by 

TABL 2.—DETERMINATION or SHEAR AND AT THE 


Dreper Line (Exampte A: C= = 86 D/120) ae 


ne 


eel 10? ve iter 10? rat ne 4 


K 


3. 1474 003367 Ap 


(in.) 


Yor, Gn.) 000856 —0: 


bev, Lin.) 5.6712 —0.00309 A» ( 
(in.) 07498 0.6853 06961 ten, L = Ker 


7/41. .5967 —0.04345 Ap is’ if 


a the relationship, 42 1 D/s8. 8, w hich denotes the same compressibility coefficient 4 
the sand at each elevation for all three cases. 


“Ts further | comparison was made by considering only the 28-ft depth of 
a embedment, but by using Css values of 15 lb per cu in., 72 lb per cuin., and 240 — 
tb per cu in. a The latter value corresponds to the disturbed condition and the 


smaller values § are for loose sands. These particular values of C2s were chosen 
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a 


in ine 


28 
@ DEFLECTIONS AND PRESSURES DUE TO UNIFORM LOAD” 
06 0402 16 12, 4 0. 21 


@& ) TOTAL DEFLECTIONS AND PRESSURES (EXAMPLE / A) 


in inches Pressure, in Ib per sq in. — 


12s. 
ied 


4 We 


TOTAL DEFLECTIONS AND PRESSURES bos bas 


1a. 8.—DEFLECTIONS AND Pressures oN THE Empeppep LenoTH oF A Pus 


80 § as to g give the same three values of a (275, 1,330, and 4,450) that were | pro- 
duced by the three different depths of embedment for C23 = 240 lb 7 per cu in. 

os procedure for determining the anchor pull and bending moment is similar a 


to that outlined in Table 2. The deflections and pressures for this set of = 


ark rr, inf 
Pr 

i 
— Teal |] = - _ 

| > = 
L 
— 
— 
— 
nt 
he — 


‘ditions are re shown i 
results obtained B are similar. 


ud By the analysis of sheet-pile retaining. walls into 
contribution of each type of load ¢ can | be evaluated. In Fig. 8(a) i is illustrated 
ae behavior of the embedded section of the wall due to the uniform lateral Rr 
_ pressure exerted by the backfill. For the three values of D considered for 
4 Example A, it should be noted that the entire embedded length moves outw ard 
- from its original position. The shorter wall also tends to rotate as a rigid body 
whereas the longer walls bend so as to approximate the position of the short - 
ws all in the vicinity of the dredge line; consequently, the pressure-distribution ‘ 
“curves are similar to ‘approximately 14 ft below the dredge line. Below this — 
depth the pressure is determined by the deflection at each point, w phic hinturn — 
is governed by by the relative stiffnesses of the pile and sand. As the pile | pene- 
trates deeper, its stiffness becomes less important with respect to that ¢ of the 
’ age and the restraining pressure tends to become equal to the loading pressure. ic 
_ Similar curves result from the application of the end moment and end shear — 
_ which act at the dredge line. _ These can be determined by the e use of Figs. 3(a) of 
and 3(b) and Eq. 4. - Because the resultant shear acts to displace the pile 4 
outward and the nenasl tends to rotate it inward, these two effects tend to | 
_ cancel in the case of an anchored bulkhead. — _ However, » in | most cases the 1 sa 6S 
¢ moment at the dredge line is small, and therefore, the effect of | the shear is” z a: 
_ predominant. _ As indicated in Figs. 8(a) and 8(), the combined effect of shear — 
- and moment produced an outward deflection at the dredge line of approxi 
_ mately 0.7 in. as compared to 0.3 in. for the uniform pressure alone. 
From a consideration of these deflections, the procedure for cial as 
outlined in Table 2 might be varied to account for movement of the anchor — 
point. - If the anchor point moves only slightly, the procedure i is as shown in i 
Table 2. However, if the anchor point is assumed to move as much as does — 
the > bulkhead at the ¢ dred e line, , the anchor-pull value is lowered somewhat. | 
aea~ 8 For this condition, the | anchor-pull value for D = 16 ft (Example A)is 11,300 
Ps, <1 a lb per ft instead of the 11,600 lb per ft as originally computed. Thus, it is seen »! a 
7 that such a modification i in the method of analysis i is s unnecessary. s ae: oe 
tol The « design criteria of anchor pull, maximum bending moment, ar maxi- 


sionless flexibility coefficient, a (=C D‘/EI). However, for the condition 
4 equal soil stiffness, in the case of three depths of penetration, the e maximum - 
_ bending moment was nearly constant. _ For the case of constant embedment 
~~ and variable soil stiffness (Example A), | a decrease of Crs to 6.25% of its ye 
original value caused an increase in anchor pull of approximately and an 
Values of 
anchor pull, maximum moment, depth of embedment, and maximum value 3 
. the coefficient of passive earth pressure are given in Table 3, as computed by — 
_ the writer’s method of analysis and by the conventional procedures. = 
The conventional procedures used for the analysis of the bulkheads were 
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the elastic- line method. In each method, values of 3.0 and 6.0 were used as the 

coefficient of passive earth pressure. to edt 
_ ‘The values of anchor pull and bending moment | computed by the subgrade 
_ theory were found to be approximately 10% and 20% lower, respectively, than 
those computed by the elastic-line method usin g K, = 6. These reductions | ‘= 
indicate the amount by which the flexibility of the pile affects the results in — 


this particular case. However, these reductions of anchor pull and moment 


o 
— 


r 
1 result from an elevation of the center of p pressure of the passive pressure zone 

as indicated in Fig. 8. _ As this center of pressure moves upward, the pressure-_ 
¢ - distribution curve exhibits high pressure values near the dredge line. The 


dotted lines in Figs. 8(a), 8(b), and 8(c), which define the initial tangents. of 
these curves, correspond to values of the coefficient of passive earth pressure. 7 
. Computed values of K,, ranging from 6 to 17, were obtained from analysis of 


the example problems, as indicated in Table 3 and Fig. gd abastoiitoo 
TABLE 


ie) | per (te tb per | | cab per fey | te 1b per fe) 


Disturbed sand 70,000 | 17 | | 


tok 


Disturbed sand ,00 | 69,000 | 17 
ce C= 15 Ib per cu in. 3 6 
T 


A 

00 | ‘000 


yd bevoiggs 12,500 86,000 


_ These of K, are very likely values because 
they exceed considerably the lower limiting values of K, of 9.0 and 5.0 for 
dense and loose sands, respectively, which were by Mr. 


necessary reaction would be developed ata slightly greater depth by al an increase e 
in pressure in this region. This, of course, Tesults 


In the foregoing sections a method for analyzing shest-pile installations has 


been devised which includes a numerical procedure for determining the shear, -_ 

moment, and pressure a at the dredge line, and uses the theory of subgrade — _. 
reaction for the embedded pile length. This procedure permits computations a 
a the anchor pull a and the maximum bending moment in the pile which are 


comparable to those obtained by the conv entional methods. by 
As illustrations of the procedure, two examples were studied. The com- 
puted values of the anchor pull and the maximum moment were 


— 
a 
— 
of 
— — 
Al 
3 
314] 12800 | 92,000 | 3 | 341 "118,000 | 3 
| 19.4 117,000 "4 — 
> | 19:7| 26:500 | 125,000 | 
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: ‘sure which are unrealistic in some . cases, caution is s necessary in applying che 
analytical results obtained from this procedure. = 
‘Finally, t the s success of such a method of analysis on the 


aime! Sev eral values of C “aml been estimated from the results of a few = 
_ tests in which the passive resistance of sands was reported. In anticipation of 
more test results becoming available in the future, particularly t those for full. 

size, sheet-pile walls, curves have been prepared for the deflection and moment: > 
_ coefficients ee be end shear or moment, or uniform pressure on the em-— 


‘sige study was sponsored by the Engineering and Industrial Experiment — q 


"Station and the of Civil Engineering of the University of Florida, 


| 


a8 ‘The: hiker ing - symbols, adopted for use in this | paper and for the guidance | 
B of discussers, conform essentially with the ASCE Manual of Engineering Prac- 
tice No. 22, “Soil Mechanics Nomenclature,” prepared by a committee of the 
¥ Soil Mechanics and Foundations Division of ASCE, and were approved by the 


= coefficient of soil compressibility at the bottom of a pile: hoe 
C, = coefficient of soil compressibility at the bottom of a n 


H = = height of sheet pile above the « dredge 
I = moment of inertia per unit width of the « cross section tie a pris! pile; , 
= coeflicient o af earth pressure : yl att} 


only, end shear only, an and uniform 


ye ¢ 
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] tity. although variations _ 
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coefficient of passive earth pressure; = 

anid Ky, Kyy,. Kyp = deflection coefficients for the embedded part of 

adt avods the pile for the conditions of end moment 


Antone only, end shear only, and uniform pressure, 


= n r = 
= | pressure coefficient of earth at rest; eee 4 


Kev, Ke, coefficients for the embedded part of the 


= coefficient of horizontal subgrade re motion at depth ; 
= elastic foundation reaction at a point, 2; ; 


= distance between the dredge line and anchor point; | 


hae = bending moment in the sheet any 


} 

é 

= 


Mu, = be bending moment in te, embedded, 
used sed by 1 M 


fv, = bending moment in the ¢ embedded length of § sheet pile 

= bending moment in the sheet pile at the dredge: 
bending moment in the embedded Tength of sheet pile 
caused by the uniform pr pressure, = 


considering the p fixed at the dredge line and sup- 
porting the soil loads as a cantilever beam; 


= horizontal pressure on the sheet pile: ut: 
= horizontal reaction pressure due to passive e earth res resistance ; 


= horizontal pressure on 1 the sheet at the ines 


Sets 


= shear a on the sheet pile at the line Ay); 


-y, = apres on the ‘sheet pile at the dredge line due to the 80 oil 


= distance tip of the pile; 
with = = horizontal movement or deflection of the pile atany elevation: 


wis Yar = deflection at t the anchor point caused by the 


anchor pull acting on the pile which is 


= deflection of the pile at : any elevation caused by 


aA. a a the moment or shear at the dred e line, or the 
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component series for deflection: due to p, only; 


oh y= deflection at the anchor point ‘caused by the soil: loads acting on the - 
‘bos file which i is considered to bea cantilever above the dredge line; 


‘= flexibility coefficient (a = ay 


. B = ratio of the distance from the top of the pile to the anchor p adel 


Gov, = slope at the dredge line of the embedded part tof 


the pile loaded by M or Poy respectively ; 
Mr. Rowe’ s wall flexibility number p= per foot ; and 
ratio of the distance below the tine to the total 


mrotian od} vd 


odd. 


dies ay of ais polioss lainositod = 


yn ait ta olig 49. old lutaosizod = 
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ROWE ON SHEET-PILE WALLS 


Peter W. Rowe™.—An 1 interesting attempt has been made by Mr. Richart 


‘tical design pr procedure for walls which takes into 


7 * civil engineer. The first objective was Sales on the belief that the writer's ex- 
perimental tests? were made with sand at the same density above and below the 
dredge level. However, ‘Figs. 16(a) and 16(b) of the report? show that tests 
were made with dense sand below the dredge level and loose sand above. 
In the “Correspondence” following | the report of those tests, further ‘results 
were given for the case of water pressure above loose sand and dense sand. = 
_ Both of these tests and mathematical analyses'® of the problem show that it _ 
the stiffness of the subsoil below the level that reduces the 


the of the operating curves vary from. 17 to 4 very poor poor 
very site conditions. pata ad by the 


” 


rile design.’ ‘Considerable judgment is of course eee necessary in civil 
engineering, b but the writer would be grateful if Mr. Mr. Richart could explain this ; 
The second objective has not been reached. First, the design has to — 
proceed indirectly by trial and error. section must be. chosen a and the 
stress checked ai choose the section in the first. instance, the ‘ “equivalent ee 
=: procedure is used. This means that two sets of computations are 

4 In addition, the process of checking involves extrapolation from 


theme January, | 1955, the writer published a theoretical and experimental — 


of sheet-pile walls, pinned'® and encastré'* at the anchorage, and ‘Mr, = 
Richart’s basic differential equation is identical with the one which _was 

eloped from stress-strain considerations of sand. However, the analysis of 
185 theoretical structures was completed, and the maximum bending r moments = 


were expressed. as a ratio of the corresponding values for an infinitely stiff wall 
subject to the same strata conditions. _ As a result the writer found that, in - 


agreement with | previous experimental work, ‘the moment reduction depended 7 


a mainly on the relative stiffness of pile and subsoil and, to a lesser degree, on 
Senior Eng. Dept., Daiv. of Manchester, Manchester, England. tes 

“4 Correspondence on “Anchored Sheet Pile Walls,"’ by P. W. Rowe, Proceedings, Inst. Cc. E., London, © 
%“A Theoretical and Experimental Analysis of Sheet-Pile Walls,” by P. W. Rowe, ibid., January, 


16 “Sheet Pile Walls Encastré at the Anchorage," by P. W. Rowe, ibid., Pt. I, Vol. 4, January, 1955 
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The amount of surcharge, position of tie rod, or 
varying: the dredge level had no influence | on the percentage 2 
reduction. Consequently, previously published data were extended to the 
_ whole range of compressible cohesionless subsoils, whereas the simplicity of | 
using a “single 1 reduction curve on the free-carth-support value for direct 


- . _ Whereas the writer agrees with the form of Eq. 4 he cannot follow the 
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reasons for the derivation of Eq. 3 and Eq. 19. 


The coefficient, C, is identical with m in the writer's ‘The value 4 
of m decreases with soil strain. _ Consequently, the value of m increases from _ 

a low value at the dredge level. to a maximum at the pile toe for a flexible a 

og piling. - Analyses such as those of Mr. Richart and the writer assume that 7 

‘mis constant, and because very large variations in m are necessary to cause 


penetration depths of commonly range from 6 ft to 18 ft s 
that the mean overburden pressures at one-half the penetration depth in 


% y submerged sand on the passive side | range from 200 Ib » per sq ft to 600 lb per 


- sq ft. At these values the stress-strain curves for sand are steeper than at the 
er pressures quoted. In addition, the important stiffness of the subsoil is close 
the ‘dredge level where the confining pressures are very small. 


For these reasons the value of C may be higher than those given. . In Table 


4 4, the values of C from Table 1 are compared with the m-values previously | 


0 4 published. - For this purpose the units of C have been changed to pounds — 


cubic foot, and the logarithms are given. ule lo 


Reasonable agreement is reached between log m log However, 


a ‘it appears that Cio increases with an n increase in the scale whereas | m tends 


i decrease with an increase in the scale, | as would be expected from the decrease 


a the slope of the ¢-strain curve for sands with confining pressure. sdneipeile 


ea The writer has designated m as the ‘soil stiffness modulus. Because m or 


61 increase in value with an increase in stiffness, the value of C ' does Tepresent : 


rather than compressibility. ‘In addition, the word, coefficient, 
indicates a dimensionless number, and the term can be confused with the 
= of compressibility used by Mr. Terzaghi in confined - compression 


tests. Therefore, it is suggested that the term, soil ‘stiffness modulus, is 
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on SHEET-PILE WALLS 3. 
E. A.M. -ASCE.—T ‘he writer appreciates Mr. Rowe’ 
pe hark and criticisms and is aware of the « extensive studies he has made on 


the behavior of sheet piles. However, his excellent papers'®!* 16.18 appeared 
. print during the time interval between the submission of the paper | (May, 1054) — es 


and its publication as ASCE Proceedings-Separate . No. 694 (May, 1955). -Con- i 
 Sequently, the w did not have the benefit of Mr. Rowe's investigations 
prior to the time the paper was accepted. 
Mr. Rowe’ tests? on models of anchored, sheet-pile walls were made with: 


“(not necessarily the same as that below the dredge line) or water iin. 

* above the dredge line. yor Unfortunately, the writer’ s statement did not make 
- this completely clear, but it was intended to point out that in Mr. Rowe’s tests — 

j 7 the material above the dredge line was of uniform density. His mathematical 
analysis of the problem“ also tied-in the loading above the ne dredge line | line to the - 
analytical solution for the structural behavior of the wall. m 
.. _ By comparing the maximum bending moment and the tie-rod loads obtained — 
-_ esr the mathematical analy sis with those obtained from the free-earth- aes 


_ moment and. tie-rod load which | are associated with the soil stiffneces mod-_ 
ulus and the significant dimensions of the wall installation. — - Thus, his procec-— 
ure is established as a correction to the values obtained by the free-earth-support, 
_and by this consideration he provides for a layered backfill consisting of sev eral _ 
3 different materials. However, as he has indicated, for conditions in which t the eS 
is stiff with respect to the pile, Mr. Rowe's procedure for the moment re- 
_ duction would tend toward low values, which would require that the design 
procedure include a check on the distribution soil pressures to determine 
whether or not they conform to > reality. toe 
‘The procedure described in the sulaiaid: paper is ‘based on a mathematical 
; . _ analysis which considers separately the load and structural behavior of the wall I 
above the dredge line from that below the dredge line. _ By use of a numerical 
= load and moment acting on the wall are determined in a contin- 
| uous Manner from the top of the wall to the dredge line. Table 5 illustrates _ 
- this: procedure as as it — to Example B (Fig. Ds Thus, the the load, Vs, and the. = 


= 56, 5,190 (h/6) = 37, 460 Ib p per ft = 3,122 
3 2S deflections of the anchor point when considering the pile as a cantilev er an 


lof # ‘tiga 114,220 h? 1,000 lor nf? woléd dtqsi 
Prof. of Civ. Eng., Univ. of Florida, Gainesville, Fla. 
Theory for Cohesionless Soil With Applications to Earth at Rest and Mov- 
Wall alls,” by P. W. Rowe, Geotechnique, Vol. 4 No. 2, June, 1954, 
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RICHART ON SHEET-PILE 


' due to the anchor pull. These values are used in the computation by the free- — 
earth-support method and in Table 2. ‘ovat tom ve 
_ By continuing the computations to a depth of 0.1 H below the dredge line, L 
Ps _ the moment and shear values lead directly to an analysis by the equivalent- = 
% beam method, whereas a continuation of the computations to a greater depth — 
a provides the basis for an analysis by the elastic-ime method. When the com- a , 
2 putations are extended below the dredge line, it is pocensinniin include the 


passive pressure in computing the load on the wall at any depth. Thus, by  __ 
arranging the computations in the form indicated in Table 5, one sheet-pile in- 2 
hs stallation may be analyzed by several of the conventional procedures with caly. 

Se a small amount of work beyond that needed to determine the load due to the “7 

symbol, C, was chosen to represent the value of the coefficient of sub- 

7 " grade reaction at the depth, D, to which the pile extends below the dredge line. iy d 
This is a convenient point at which to identify the mechanical behavior of the 4 
 & soil close to a sheet-pile installation. It was not the intent of the paper to in- = 

— clude rules or procedures for "establishing numerical values for the soil stiffness — 
- quantities, but rather to investigate analy tically the importance of variations — 
Gj in this parameter on the structural behavior of a sheet-pile wall. = bn 
4 the “Conclusions’’ it was emphasized that, as more reliable values of the 

jt, soil properties became available, they should be adopted. Mr. Terzaghi’® has 

recently contributed an outstanding study of the coefficients of subgrade re- 
- aetion and has established numerical values which may be used for design. He - 
*s has designated lL, (tons p per - cubic feet) as as the constant of horizontal subgrade i 
4 reaction for sheet piles with free-earth support, depth of sheet-pile penetration _ 
d D (value for z/D = 1). ‘The term, &, may be substituted directly for m (soil 
3 stiffness modulus) i in Mr. Rowe's ahelyeis or for the C (coefficient of compress- 
4 ibility) in the paper. The writer agrees that the terminology used to define > 4 
could be confusing and that either of the other two terms is preferable. _ on 
"The use of the procedure described by Eq. 19 implies that the soil behavior | 


om is not significantly affected by the movement of the wall. This is approxima- 
tely true only ‘if the soil is stiff with respect to the pile. In such cases, the 
degree of fixity. at the dredge line | (which permits the moment , reduction) de- - 
. pends to a lesser degree on the depth of penetration than on the relative stiff- 
nesses of pile and | subsoil, as was noted by Mr. . Rowe. 
ae the pile has a small depth of penetration and has.a flexural rigidity which 
_" great with respect to the stiffness of the subsoil, the depth of penetration _ 
a has an ‘important effect on the sabsoil stiffness. For this case, the value of the , 
"constant, lay is equal to the soil stiffness at the. tip of the pile. Thus, atagiven 
_ depth below the dredge level the resistance offered by the soil, as a result of a 
unit horizontal displacement, varies inversely as the total depth of pile pene- __ 
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of of Coefficients of Subgrade Reaction,” by K. ibid., Vol. Ly. No. 4, Degemaber, 
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ON SHEET-PILE WALLS 
pe "The use of this ‘oie for conditions in which the pile ii is less than 
Ss infinitely stiff with respect to the subsoil will lead to a conservative design; — 
. am that i is, computed bending moments will be li larger. than t! those which actually 


- than the the values of m indicated by Mr. Rowe i in Table 4. For dense sands, FZ 


numerical values of given by Mr. Terzaghi” are considerably 


—— lL, = 4.60. (dry | or moist sand) and for - submerged sand, log l, = 4.41 (as 


contrasted to log m = 6.10 as shown in Table 4). - Because numerical values ; 
a for subsoil stiffnesses are being established for design purposes at the present — 


time, it is suggested that the paper by Mr. Terzaghi® (and the accompanying 


Y discussions) as well as those of Mr. Rowel® 18 be used for the selection of the = 7 


Rie After the soil constant has been established, its value may be used in slace 
_ of the symbol, C, in the equations and curves included i in the | paper during the | 
4 analysis of a sheet-pile installation which was designed on the basis of the free- 
4 earth-support method or the equivalent-beam method. . If only the maximum 


_ bending moment in the wall and the tie-rod load are desired, Mr. Rowe’s design © “a 


analysis of a given installation, it is logical to consider the > behavior of the wall 

above and below the dredge line separately. _ The diagrams included in the 
_ paper should be of appreciable value it in studyi ‘ing the structural behavior of the 


= would very likely involve less effort. However, for a more detailed — 
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Lynn S. BEEDLE, 


SYNOPSI 
ie order to demonstrate the applicability of plastic analysis to structural a 
= Fina in steel, the results of large-scale experiments are re examined o on the basis 7 
of theoretical predictions and correlated with current (1957) design specifica- i 
tions. The fundamentals of plastic analysis are described briefly. aut It i is 


shown how the design of ordinary structural frames may be based o on the | 


_ investigations into the behavior of steel structures loaded beyond the elastic 
limit, sufficient evidence is ‘presented to show that in many instances — 
‘may properly | be based on maximum | 


is not new, it is only in recent years (circa 1957) that sufficient 
- : of large-size structural members s and frames have been performed and adequate 
analytical techniques developed to make the topic of practical use to engineers 
in the United States. Curiously enough, studies : such as those under way at 
Lehigh University? (Bethlehem, Pa.) and at other institutions will enable the 7 a 
Te-establishment of a technique that was and weed in Hungary i in 


4 
 Nore.—-Published, essentially as printed here, in August, 1955, as Proceedings Paper ’ 764. Positions 
and titles given are those in effect when the paper or discussion was approved for publication in Transactions. .. 
be. Chairman, Structural Metals Div., Fritz Eng. Lab., Civ. Eng. Dept., Lehigh Univ., Bethlehem, Pa. a 
“An Evaluation of Plastic Ana as Applied to Structural by B . G. poy C. H. Yang, 

and L. 8. Beedle, Welding Journal, Vol. 32, 1953, p. 224-8. 

Discussion by N. J. Hoff of “An Evaluation of Plastic | As Applied to Structural 
by B.G. Johnston, C. H. Yang, and L. 8. Beedle, ibid., Vol. 33, 1954, 7 
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Many investigators have contributed prominently to the application of 

“plastic analysis in structural design. . Foremost i in stimulating progress in the ay: 
period from 1942 has been J. F. Baker,‘ A.M. ASCE. Important contributions © 


ASCE, and B. 
_ Purpose-—The purpose of this paper is to offer examples of sirnetures 
a (approaching full size) that have been tested beyond the elastic range and into : 
the plastic range; to compare the maximum strength with the allowable load — 
according to mawentianal elastic ‘design; - and to indicate how the reserve of 
_ strength. beyond the ela elastic limit may be utilized in the design of ordinary 

a Plastic Design. —It will first be necessary to ) give some thought to the © 
 eriteria by which ‘the usefulness of a structure is judged. The structural 


, strength of a steel frame may be determined by a number of factors, any one 


of which may actually constitute a “limit of structural usefulness.” — These 


possibl e design criteria are: (1) First attainment of a hy pothetical yield-point 

(2) brittle fracture, (3) fatigue, (4) instability, (6) attainment 

plastic strength, and (6) large deflections. wir, 
a “aha design based on any one of the six factors could be referred to a 

. as a “limit design. " “Plastic design’’ as an aspect of limit design and as 


nlied to continuous: beams and frames: embraces rimarily ‘item 5—the 
2 

attainment of maximum plastic strength. aly pte 


_ Plastic design, then, is first a design on ‘the basis of the maximum load the 
structure cowry. determined from an sis of ‘strength in: the plastic 


4 


of “limitations” that might otherwise prev edt the structure from 
- ing the computed maximum load. Many of these same limits may be present 
in conventional. design (brittle fracture or fatigue). Others are inherently 
associated with only the plastic behavior of the structure. The unique feature | 

plastic design i is that the than the yield stress, is re- 


garded as the design cr criterion. 


Way Puastic Destan? 
hat i is the f for design? One could reverse the 


fe ‘It is true ‘thet in bens ot of the. 
point as a limit of usefulness is rational. This is because the ultimate load 4 

- capacity. of a simple beam i is only from 10% to 15% greater than the hy- 
pothetical yield point, ‘and deflections start increasing quite rapidly at such 
g load. _ Although it would seem logical to extend elastic stress analysis to sl 


indeterminate structures, such procedures have tended to overemphasize the 
ames,” by J, F. Baker and J. W. Roderick, Proceed 

London, January, 1952,p.71. iow 

New Methods in the Analysis and Design of Structures i in 1 the Plastic | tic Range,” by LF 

M. R. Horne, British Welding Journal, July, 1954, p. 307. Ae Se 
“Recent rress in the Plastic Methods of Structural Analysis,” P. 8. ‘Symonds. and B. _G, 
Inst., November, 1951, p. 383, and December, 1951, p. 469. = tiie 
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importance « of stress rather as a guide in engineering 
have introduced a complexity that seems unnecessary for a large number of — 
structures. ae Actually the idea of of design on the b basis” of ultimate load rather — 

than allowable stress is a return to the realistic p point of view that h had to be 
adopted by the engineering forefathers in a very crude way because they did 
not have the knowledge of Napeeeaticn and st pain that would have allowed a, 
‘The introduction of of, course hen been a real stimulus to studies 
of. the maximum strength of frames. — By welding it is possible to achieve 
complete o¢ ntinuity at joints and 1 connections—and to do lo it economically. 
The full strength of one member m may thus be transmitted to another. Boje : 

7 It has often been demonstrated that elastic stress analysis cannot be used i 

— to predict the real stress distribution it in a building frame with anything com- 
parable to the degree of accuracy that i is assumed in the design. The work 

done in England by Mr. Baker and his associates as a forerunner to their 
strength studies clearly indicates this fact. 
+ 
4 


Examples of “imperfections” that cause severe irregularity in measured 
oan are (a) differences in beam-column connection “fit-up” and flexibility, — a 
o spreading of supports, (c) sinking of supports, (d) residual stresses, (¢) flexi- bs : 
_ bility assumed where actually there is rigidity (and vice-versa), and (f) points 


a stress concentration. Such factors, however, usually do not influence 


a owing reasons : 


for the elastic solution of indeterminate frames is wail 7 


nificance. “ti is not. unusual om the factor of safety to vary ) vary from 1.65 to 3 or 
for structures designed according to conventional elastic methods. 
8. Economy. —Because the maximum strength can be determined quite 


accurately it is possible to with doused safety the reserve pf. strength 


Plastic i that ‘is intended ‘to replace all de 


2 


the design criteria. In’ ordinary building construction, such limitations are — 
usually the. exception, however, and not the rule. Therefore, it can be ex 
pected that plastic. design will find considerable application, : 


continuous industrial and i in tier 


~ Wee 


Fig. 1 (a) shows the third in a series of four frame tests performed at Lehigh 
U 


niversity. The span of the girder was 30 ft, and the column height was. 


; 7 “Shortcomings +" apenas Analysis,” by J. F. Baker, Transactions, North East Coast Inst. Eng. 
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7 tional structural design. = The allowable load, according to conventional elastic 


(10 ft. The frame was pin-based in of the test “ig 
‘in Fig. 1(a). The vertical load was applied with hydraulic jacks at the third a 
‘points of the beam. Side load to simulate wind action was applied by the _ 
same technique. (The framing above the horizontal part of the test frame is 2 


‘In Fig. 1(0) the same ame ts is shown at the end of the test, as well as the 
-_ arrangements for applying vertical and side load. _ With the solid line as a 
zero reference, the dotted line indicates the deflected shape when the frame 
first reached the predicted maximum load. The frame was deformed by 
jacking considerably beyond the maximum load to the — 
of steel frames strained beyond the elastic limit. 
The bar chart at the right of Fig. 1(6) the reserve 
of strength above the elastic limit that is. not utilized (as of 1957) in conv en- 


is at the top of the cross-hatched part, and | the top o of the bar i is the maximum 
reserve . strength—a value that is above the predicted ultimate load shown. by 


ate is at the top of the clear part of the chart. The predicted elastic limit 


fe 


et 


‘The fourth frame _tested in this series of span is shown ‘in 
Fig. 1(c). The column bases were fixed in this case, and this had the natural — ; 
effect of decreasing the sidesway deflection. A second effect was to increase 
the capacity ¢ of the frame to carry side load ; the ratio of side load supported by 

= this frame and that of the: frame i in Figs. 1(a) and 1(b) was about 9 tol. ut 


A number of continuous beams also have been tested in the program. , 


oe Fig. 2 shows a typical arrangement, designed in such a way that fixed-ended 


beams with intermediate degrees | of end restraint might be s simulated. The e 
: loading was applied at the third- -points s of a 14-ft span with end spans of 7 ft. 
A fixed-ended beam was simulated by maintaining the supports in a level — 
3 position through proper adjustment of the end loads. ‘Typical de details: of ‘ 
connections are shown in Fig. 3; an attempt was made to simulate - practical 
structural details. In Fig. 4 there § is shown a part of one of the continuous 
beams; one’ of the load is at the left ‘and a support is is near ‘near the A 
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3 “iid.” To the side, the 1 maximum observed strength (105%), ‘the computed a 
‘maximum strength (100%), and the computed elastic limit (67%) are shown 
_ witha bar graph. Also shown are the allowable loads on the beam for a stress — 
of 20,000 lb per sq in. at the support (35%) and for the American Institute of | 
‘Steel Construction (AISC) provision® of a maximum 1m stress sof 24,000 lb per sq in. 
at the support (42%). Such an increase of allowable stress at an interior 
‘support of beam is, of course, one method of utilizing some of 
ri “the reserve of strength in design and was introduced into the AISC specifications _ 
a It i is seen from the > foregoing illustrations 1 that the reserve — of steel 


Fra. 4. Bram AP END or i= 


, con- 
development of high reserve strengths. Therefore, an examination will be . 

A made of the basis of hinge f formation ; this will be followed by a study of com- . 
ponents that have developed plastic hinges, 


Plastic Hinges. —A t typical example of the familiar stress-strain curye 0 of 
ogee, structural steel is shown in Fig. te After the yield point is reached, 


aor that is from 10 to 15 times the extension at the elastic limit. _ y Peg is 
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PLASTIC STRENGTH 
followed by strain hardening, and at approximately 10% to 15% elongation 


the curve reaches the maximum pont, 


- Conventional elastic design makes use of only an insignificant part of ‘the 
- strain capacity of steel—up to the first light vertical line—or about 0.1 
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Fis. 5. Curve For SrevcruraL Stem. 


elongation. in plastic ons analysis, at ultimate load the critical will 
4 not have exceeded about 1.5% elongation. . Thus, the use of ultimate load as 
the design criterion still leaves available a major part of “~ reserve Serica, of a 


ne Fig. 5(b) shows 1 the first part of the strese-strain curve, drawn to larger << 
By keeping in mind this “§dealized”’ curve, it is possible to follow the 
In Fig. 6 bending moment is plotted against the rotation of a section bent 


couples. This deforms the beam, 4 certain unit rotation 


— 


— 
j 
&§ 

| 


a: per unit length along the beam. “ite one imagines that all the material i in 
the beam is concentrated in its flanges, the plot of moment versus curvature 
is the same as the stress-strain curve in Fig. 5; the compression flange acts as _— 
compression ‘specimen and the tension flange as a tension specimen. The 
analogy between an “actual hinge” and a “plastic hinge’’ is also shown in 

oa ye Fig. 7 shows a more realistic picture of the development of a plastic hinge 

and the successive change from elastic to plastic action. . Point 1 is the elastic 


“inte at point 2 the member i is partly ne an at point 3 it approaches 7 bl 


in which is th2 lower ield-point stress ona denotes the plastic 
as twice the 8 tatic moment half the cross. term 


Z, is analogous to S, the elastic section 
4 


of the two sources of reserve 
strength beyond first yield i is also shown a 
_ in Fig. 7.. The development of plastic 
yield of the full cross section results in 
an increase of bending strength beyond © 
computed yield of approximately 14% 
for rolled wide-flange shapes. The 
term, “shape factor,” denotes the 
"between the full strength (M,) and first be. 
Formation of Plastic Hinges in 
Structural Moments: —A large cent 


ved testing of component parts ae 
frames to see whether or not they ac- 
tually develop the 
In Fig. 8 there is shown a welded 


nection it will be noted that the web has yielded rather euianideay, pedis a 

load to the ‘diagonal stiffener that was inserted for the purpose of carrying that “i 

load. gil This connection joined two 12W°36 shapes, and the moments were 

such that the joint was being ‘ “closed” under the action of the forces. ee The — 

4 lower ‘part is | the top of a column and it, too, participates: toa consider 2 


yielded more than on the tension tide. The neutral axis is thus shifted to 
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“2 We (Fig. 9(a)) there | is negligible deformation ; as the ‘maximum moment is ap- 
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Ratio of M/My, 
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Ratio of 5/8y,in % bows dane 


Fis. 9.—Bunavior or 36W230 Conyer Connection sa flint 


dew old baton od iw ai vid: 


the been rotated any. overload does: the. 

formation become severe (Fig. 9(c)).: “Unloading” is caused by the com- 
bined effects of local and lateral buckling. to oid uh trea 

_.» Plastic hinges may form at load points or at supports in continuous beams. 

_ Examples are shown in Fig. 10. The general arrangement of the beam is shown 


at the Photograph | ( a) isa detail at. the the.puppart a8 indicated i in the 


Fig. 9 there is shown a connection of similar design but fabricated to 
join two 230 beams; the behavior is similar to that of the smallershapes. | 
pee ; im _ In Fig. 9(d) there is shown the nondimensional curve of moment versus de- 
flection, the latter being measured between the two arms of the connection. 7 
ae ‘Figs. 9 (a), 9(b), and 9(c) are photographs of the knee taken at three different a - 
7 
> 
— 
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detail here is the same as that is in, Big. 3 the 


region between the two load points, the e loading being such that the moment — 
— uniform in this portion. mn. The yield ‘patterns differ, of course, urse, depending 4 
the magnitude of shear | | present. However, studies of the 


10.- —Prastic 


- influence: of wl on the plastic moment have shown ‘that it is no 

_ Plastic hinges may form in a continuous frame at connections, at points of 
numa load or reaction, and also at certain critical sections in beams 
where the bending moment is a maximum. ie Fig. i is typical of what might 
expected for a beam in which the moment is practically ‘uniform— —such 


— 
11, AND Progression oF 4 Piastic Hines Bram 
_ they extend over a somewhat longer length of the beam. Fig. 11 shows two 
_ views; in Fig. 11 (a) the yield point has been passed and the moment is approach- 
ing My. 11() there is shown a view of the beam after the curvature 
had far ‘exceeded would be Hired to the conditions 
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Moment versus rotation curves the of structural 
components to form hinges are shown in Figs. 12 and 13; they correspond v with | 
: the theoretical curves in Figs. 6and 7. Fig. 12 is a composite curve of twelve © 
different corner connections; it includes the results of tests on wide- “flange 
shapes having depths c of 8 in., in. ., 14 in., 24 in., and 36 in. The curve for 
the 36W 230 connection of ‘Fig. 9 is as a dashed line. In Fig. 
: | _ bending moment is plotted (vertically ) against r rotation 2 (horizontally), all all 2 
coordinates” having been reduced to the common percentage basis. 
“Although snes are some differences in behavior, all the connections developed 
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ic moment 


of 
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‘Re. 12. —ComPosiTs ror VaARIous Corner 
8 bending moment that is greater than the predicted plastic moment. Further- 
more, this plastic moment is maintained through a considerable rotation angle. 
In Fig. 13 are shown moment versus rotation curves obtained from measure- 
ments made i in the vicinity of the support of three continuous beams of sw 40 
shape. ” - Sometimes t the ‘section develops a hinge moment that is a few per- 
- centages less than the predicted plastic - moment in the early phase of the test. 
_ However, with adequate lateral support and continued straining, the pt 
_ eventually reaches and usually exceeds the computed plastic-hinge moment. _ 
a. Behavior of other components is similar; thus one can depend on a? 
an ur proportioned structural components to Gevelop the plastic-hinge moment and 
Redistribution of Moment.— —Under the heading,‘ ‘Development of 
_ Strength: Plastic Hinges,’’ it was mentioned that one of the sources of reserve — 
strength i is the development of ful of full yield the (the 


A 2 analysis. The severe deformation seen in Fig. 11 is accomplished in order to 
obtain a complete load history. The deformation at maximum load is, of 
q : 
q 
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to a eek greater extent—is redistribution of moment due to the ee aM 
. of these hinges (the “redistribution” factor). It is here that the importance | 
oof the flat part of the curve comes into action. W hen the plastic 


re constant value as the section ‘larger 

_ moments to other parts of the structure, ees 

The fixed-ended, uniformly loaded beam of Fig. 14(a) will be used to illustrate 

. 5 how plastic hinges allow a structure to deform under load beyond the dastie. - 
limit and — a redistribution of moment, increasing the 


tes Computed initial yield 


iy 
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Fie. 13. Moment-CurvaTurs RELATIONSHIP OF BEAMS NEAR A 


load, ‘and (3) an arbitrary deflection obteined ba continued straining at the 


The idealized of Fig. 6 is assumed. In are e the 


an elastic analysis, the moment disgram of Fig. 


‘termined when yielding commences (phase 1). _ The center moment is p L?/24 4 
and the end moment is p dirs which p is the distributed load per unit — 


load has reached point The moment has been used up 
(Fig. 14()); however, from Fig. 14(f), because M = phase 
moment capacity is still available at the center of the hie “Therefore, ¢ as 
increases bey ond phase 1, “hinge action” will ‘Start at the ¢ ends, and th the 


oS beam behaves as if it w w ere simply supported, except that the end ‘moment .* 
we constant at My. A thet deflection increases at a somewhat faster rate 
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the beam exhausted. Beyond phase 2, the beam will 
“sag to deform ‘under constant load (phase 3) in what has ‘been termed a 

The shaded part of Fig. ) represents the beam moment diagram 


diagram (shone 1) ane corresponds to the increase of load between phases 1 


) 
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In the idealization of Fig. 6, M, = M,. po By equilibrium, the load at rhe — 

yield, 


io between the and the; yield | load is 3 


the ratio? M,/M,, is the “shape factor; with an 
value for wide-flange shapes of 1.14. Therefore, using the more 
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“)-curve for rolled shapes (F in 


that is, the lneomans in load capacity of the aie 
yield is about 50%. The “ ‘shape factor” accounts for 14% and, in 
ample, the “redistribution factor’ head of the i increase. 


— whist 1@ 


similar to those in elastic analysis except that the process was simpler. Messrs. — 
Baker and Horne® have na between the basic 


elastic analyehe one must consider. (a) continuity, in which the 
shape is examined as the basis for continuity equations ; (6) equilibrium 
beeause the load must be ‘supported; © limiting moment (or stress) 


be cause in elastic analysis the limiting moment is the yield moment. Ib 


s the be Instead of initial yield, 
limit * usefulness i is the ‘ettelnment of plastic-hinge moments, not only at one = 


The three that must be: considered in plastic analysis 
j are therefore (1) mechanism condition, (2) equilibrium condition, and (3) — 
wed To illustrate the foregoing by use of the example shown in Fig. 11, three 
a plastic hinges are necessary before the structure will deform as a mechanism. aa 
<7 The corresponding maximum load is determined d from | the equilibrium condition — : 
4 (Eq. 3). Because the maximum m moment is nowhere greater than the ps : 
moment, M,, the answeris the correct one. 
‘These various: conditions will next be considered in an analysis of the 
- frame: shown in Fig. l(c). The frame with a 10-ft column height and a 30-ft 
is shown in Fig. 15(a). The section (12W 36).is uniform throughout. 
oi The loading consists of vertical loads concentrated at the third points (to 
simulate uniformly distributed load) ; the side load, W, represents the action 
s wind on the side of the str ucture. Rather than distribute a total load of 
2W ‘along. the column height, ‘the sath action of the frame will be obtained in in 
_ this problem if half the load is concentrated at the top of the column as load W. = 
the particular proportions of the frame, was ‘taken as 1/9 PL This 


_fixed- base portal frame i is redundant to the th third degree. j 
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ie 


_ 6 M, “ae does wl 


P= 


6+50+50+8 


16, 


got 
different ways in which ‘mechanisms can form by the development of plastic 


hinges (mechanism condition). ‘. Ant ultimate load corresponds to each possible — 


— equilibrium method* by use of the — of virtual displacements* or by 

"Phe Collapse Method of Structural Design,” Publication No. 6, British Construction Steelwork 
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— Ais the tines reaches (ge wart 
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— 
a 
— 
— 
— 
ie 
— 
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other ‘methods. The condition being satisfied is the (equilibrium condition. 


the one that gives the smallest walue of the 


Possible plastic mechanisms for the problem are shown in Fig. 


| 


7 left moves ree a distance, 6, that is equal to the small angle, 6, times the a 


a were not arrived at by guesswork, but their ‘selection followed a . Sys- 


tematic procedure that is equally effective for more complicated structures than — 7 
the one shown.* oat! Mechanisms A and B B are beam mechanisms ; conceivably ° 
“local failure” could occur in the girders by | the formation of the indicated by 


yaad _ Mechanism C is a panel mechanism end involves failure of the frame __ 


by sway to the right. Mechanisms A; B, and C are termed el elementary mech- 
_ anisms whereas mechanism D results from a . combination of mechanisms A and bh 
C. It will be noted that one of the hinges present in the two elementary _ 

mechanisms does not appear in the combined mechanism. 
Fore each the mechanisms, A through D, there exists a corresponding 
full plastic load, Pu. The principle of virtual displacements has been chosen 
to obtain this load. Using this principle, the external work done by the loads — a 
+ as the mechanism moves through a small displacement i is equated to the i in- 
ternal work absorbed at each hinge as it rotates through a corresponding 
small angle. The resulting virtual-work equations are shown in Fig. ‘15(c). 


As the structure deforms in mechanism A, for example, the load P at the a 


During this motion, work is done at the hinges. At section 2 the internal zz i 

_ work is equal t to M, 6; at section 5 it is equal to one-half this value; at section | : 


it is equal t to += Therefore, the total internal work during the 


the two (for equilibrium) tthe art, 


os The lowest load i is obtained i in the case of mechanism A (or mechanism B 
which is ) identic al). The ultimate load on the structure is therefore g give en by 


eens ‘Limit Design of Beams and Frames,” by H. J. Greenberg and W. Prager, Transactions, ASCE, 
of Frames for Ultimate by Thurlimann, Report No. 206.29, 

 Lab., Bethlehem, Pa., May, 1955. 
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a cheek that the has ‘been selected, the third for 


moments at in the frame and constructing the moment 
‘diagram. _ If at each point of the frame the moment is no greater than M,, 

‘fs _ the answer is the correct one. The bending-moment diagram for the frame is _ 
7h shown in Fig. 15(d) for the case in which the side load, W, was s equal to 1/9 of 

Now, suppose the problem was to find how much side load the frame would 
« stand \ while the full magnitude of the vertical load is maintained on the struc- 
ture. . (This situation might arise in a consideration « of the blast resistance of 
ne ones: are two mechanisms by which the frome can fail under side 


at lp 
Maximum load 


24 

1709 | End of phase I and an | 


od) 


> 
4 
diow Vertical deflection, in inches i +) Horizontal deflection, in inches 
Fie. Curves FoR Test Frame 
. ~ do ad. These are mechanisms C and D and the procedure would be to try each. — 


- The virtual- ain ork equation al — D written in the terms of the un- 


Solving this | for W (using a . value of P= 6 M,/L), ro allowa wide load 


Wis given by 


4 
b 
@ 
— 


STRENGTH 
Therefore, the correct maximum side load, W—which is the lowest 
to 6 M,/L or nine times the normal wind load. 
_ How well does the test of a full-size frame bear out the theory? ? In Fig. 16 
‘there are shown two load-deflection curves obtained from the test shown — am 
pictorially in Fig. 1(c). Fig. 16(a) is for the first test on the structurein which = 
the side load was equal | to 1/9 of the vertical load, representing the practical ae 
condition treated in Fig. 12. The frame carried the 


load was s increased to-: & Maximum value is shown in Fig. The 
frame did not quite reach the value computed according to Eq 11, bet this 

(0) CONTINUOUS Predicted 


ultimate load 


(205074 


AY 


Lehigh tests val Cambridge tests | oi 


_ Fig. 16, therefore, shows that the predictions of plastic soaiala are con- 


firmed by actual test 


hegalenos etivest | STRENGTH Sree, wi as 4, 
3 Fig. 17(a) shows the maximum » strength of single-span r -Tigid frames. Each 
of the bar charts represents actual values from as series of frame tests made 
either at Lehigh University or at the University of Cambridge in England mi a 
‘ 


q & “Behavior of Welded Single-span Frames Under Combined Loading,” by C. - Schilling, 
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basis of plastic analy sis. ° The dotted line across Fig. 17 is a possible rs . 


The top of the open part of each bar represents the allowable > conventional 
a _ working load on a percentage-of-ultimate-load basis. The top | of the cross- 

_ hatched part indicates the predicted yield load. The solid part up to the top — 
of each bar represents the reserve of strength above the elastic limit and up : 
to the maximum strength observed in the test. The predicted yield and — 

¥< _ ultimate loads are computed on the basis of measured material properties. oir 


aa, aA The case for plastic design is illustrated by the following observations i in 
connection with Fig. 17(a): sania bares bine bag nol} exw bet 
The reserve in strength above present conventional working loads is 
considerable i in continuous steel structures (from 150% to 200%). en, Oe 


The reserve of strength above ‘the nominal theoretical yield point 
‘* quite large in every case. In some instances as much capacity is disregarded 


a 6s is used in conventional design, ,as can be seen by comparing the = parts 


ee than (In Any tents it from to 90%. 


tinuous beams. It should be noted that these loads are substantially less than 
4 would be permitted using ultimate load design with a load factor of safety — 
of 1.75. The general observations made concerning Fig. 17(a) are equally 
applicable to Fig. 17 (b). Vedi ot batvajdue aged 


The aim of this. paper has been to document. applicability of plastic 


7 analysis to structural design through an examination of test results correlated — 


Stresses at the plastic-design working load are ‘he compute 
6. Because the allowable load on the simple beam is the same for both | a) 

_ elastic and plastic design, use of ultimate load as the design criterion provides e 
leas least the same margin of reserve strength as presently afforded in the 

_ Fig. 14(6) shows similar information for continuous beams. Also shown 

are the conventional working loads permitted by ' the AISC provision increasing q 
the allowable stress to 24,000 lb per sq in. at the interior supports of con- ~ 


with applicable theory and in comparison with the provisions of present 


"4 specifications. The following conclusions are presented i in summary: 
af bag, . The unique feature of plastic design is that the ultimate load, rather 


i} ‘than the yield stress, is regarded as the design criterion. 8 8 
The for design, in a brief, ‘is safety and economy 
-resul fr st savings are indicated through 
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the ‘more use of par and a saving time in the ‘design 
ae about by the use of the: simpler plastic methods. At the same time, Se 
building frames are provided which are more designed for greater 
8. Tests of continuous beams and portal in a size approaching full 
eee illustrate that the reserve strength of steel is considerable and that it oa 


ti nuous structures. One is the “shape factor,’ representing the a 
increase in moment strength of a section bent bey ond the yield point; ei 
of full moment strength | (M,) to computed yield moment (M,) 
about 1.14 (Fig. The other factor is the “redistribution factor” ; when 
the plastic moment, My, is reached at a critical section, the moment is mein> 
= ick tained at egpreninentely constant value while the section rotates, redistributing _ 
ait larger induced moments to other “parts of the structure. (Fig. 14 has 
used to describe this he latter factor is more im- 
Basic to the actual of computed ultimate load is the 


of the “plastic hinges.” Tests show that properly proportioned 


34 components (connections, columns, a and id beams) can be be e depended on to ae 
ix: plastic-hinge | moment and to have adequate reserve of curvature (Fig. 12) 
Be _ 6. In the process of analyzing a structure to determine the maximum a ia 


it is necessary to consider (a) a mechanism condition, (6) an equi- 
= condition, and (c) a -plastic-moment condition. ‘These have direct pet 
parallels in elastic analysis. Based on these conditions, an indeterminate 
tel frame may be analyzed by a systematic procedure that is usually noe: rt.Sis 
id e corr 7 na game. divestuse 
rapi than the corresponding elastic analysis of the same structure. 
er The case for plastic design is illustrated by comparing the maximum > ea 
P- ‘strength of test frames with the computed ultimate load, with the e computed — 
first yield, and with: the allowable load according to conventional design 
(Fig. 17). According to plastic design, the increase in working load, compared 
"with allowable loads, is ‘usually greater than 30%. At t the same time, 
at the “plastic: design” working load are below ‘the computed elastic limit. 
ARS ss use of ultimate load as the design criterion provides at least vs 
the same margin of reserve as is presently the 


University i in the Fritz ‘Engineering: Laboratory. ‘The work was s done as as part 
@ program on welded continuous frames and their components. It was ay 


_ supervised by the Lehigh Project Subcommittee of the Structural Steel ieee, ae a 


mittee, Welding Research Sponsors of the program are The 


Column Research Council (Advisory); |Research, States Department of the 
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ON PLASTIC. 


Jack R. Bensamin,® A. M. ASCE.—The paper is extremely important 
and timely. It is is unfortunate that it could not have included more information _ 
on joint details and how they should be designed. ~ Much of this information " 

could be applied to advantage with elastic-design procedures. 
‘Unfortunately, Mr. Beedle given the impression that the profession 
ee could safely adopt plastic procedures at the present time (1957). “Iti is believed, 
however, that plastic procedures can only be applied to special small structures. 


restrictions on Plastic. methods must be recognized Py, proponents of 


The most important limitation on plastic procedures is that present 
edge is insufficient. Tapered sections | or members in which a considerable 
. length of the member is designed to pass through yielding at the same time 
.. 8 have not been studied. Tier buildings cannot be analyzed until typical | large- b 
4 - column sections have been tested under conditions of high axial ‘stress. . Un- 
, fortunately, the limited knowledge available e on columns was not included — 
by Mr. Beedle. Another difficulty with building frames is that the mode of _ 
: failure of the entire structure at a » particular floor must be know nm. Individual - 
strengths 1 may not be attained under conditions of o over-all torsional 
must be considered from. two standpoints. Possible 


are advocated as being and better r than elastic 
cedures. Plastic designs’ will be better balanced with ‘respect. to a factor o of 
safety, but the office-design costs will rise rather than decrease as engineers 
a . have to be re-educated; this takes time and costs money. a Furthermore, 
the procedures of plastic analy sis assume one set of loads that increase gradually 
up to incipient collapse. In practice one deals with three classes of loads: 
—Q) Dead loads that are fixed and that are subject to only minor variations; : 
(2) vertical live loads that are generally known with a certain probability. of 
_ change; and (3) unknown loads, such as wind, earthquake, and blast, that 
tend to be in ‘the nature of allowances to assure a certain type of F construction. i” 
ol How are these different quantities to be combined i in an over-all ¢ design? ‘The : 
Le load factor should vary with the type of load under consideration. A complete ‘| 
7 ‘Te-examination of code provisions is therefore necessary. 4 Certainly, the 3 33% i 
——. overload provision with wind and earthquake should be discarded in favor ofa 
realistic loading pattern. -Plastic-design procedures offer the only 
af to to effect a& major improvement in the design of steel structures. _ Adoption of | 


18 Associate Prof. of Civ. Eng., Stanford Univ., Stanford, Calif. 
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BOBOTKA ©: ON PLASTIC STRENGTH 
these procedures | should 1 include | a complete revision of codes if full advantage 
ZvENE Ex SopotKa.'*—The load-carrying capacity of structures in the plastic 
“range may be computed w vith considerable simplification by a am method which i is 


_ which, in the case of pure bending, are represented by the plasti¢ moments of © 


the critical cross sections. This method ei be termed the method of forces a 


as opposed to the method of virtual work. 


One may examine, for example, the plastic mechanism of a continuous beam 


with: a variable cross section that is uniformly loaded. “a any span three — 


plastic hinges’ form at the ultimate load—namely, two at supports, A and B 
and the other one at an intermediate point, ee 


- 


‘The middle Plastic hinge, C, divides the Span into two AC, and 


= 
ey 
ore 18.—Continvovs Beam with VaRtaBLe Cross SEcTION AND ITs Plastic MECHANISM 


ing the sum n of | the two plastic-hinge moments, , M ‘pA and Myo, the static 


Similarly, the plastic ot of other p part, t, CB, given 


A Eqs. 10 and 11 express the p plastic equilibrium of the two parts of the : span of a 


uniformly loaded continuous beam with a variable cross section. 
a In the examples presented herein, the cross section be be assumed to be 


in which ho 


Docent of Strength of end Theory of Elasticity, Technical Univ. Prague, Czechoslovakia. 
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= is a zero shear force at p 110 and 


From Eq. 12 the unknown of the middle plastic } hinge, from the 
lef 


and then from Eq. 10 ‘the of the load, 


(M, c+Mpys) 


another of using the of the load-carrying capa- 
eI ay of a frame loaded by uniformly distributed load, p, and the side load, W 
19(a)) can be determined. The plastic mechanism i is assumed as shown 


x 


‘The 

itis is given by : 


= Mya + 


in which A; W, and A; W, represent the two parts « of the external side load sup- | 
After dividing Eqs. 16 and 18 by hi ona hs, respectively, adding them, and — 


eee and the uniformly | ‘distributed load. From Eq. 19; an ‘equation may be 


a, | 
ag 
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iim 
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: 


is 


1 


A, 
determining the p position of the hinge, the tin feed, ‘Pu, May 
be computed from Eq. 17 to be 


by the virtual w the external forces to that of the plastic- 
the limiting state of a structure, ‘80 many plastic hinges ‘form that 
structure becomes a mechanism with one degree. of freedom, , as mechanism C and — 
D in Fig. 15(b). In exceptional cases, particularly if there are only joint rota- 


tions and not joint © or ‘if the joint are ‘small, the 


system AandBinFig. 150). 


_ The structure may also become a system with more degrees of freedom—for — 
example when four plastic hinges develop at the. corners and one in the girder 
- the portal frame. In this case, the frame has two degrees of freedom in the 

limiting state. Thiss system results from the combination of mechanisms A and 
_C in Fig. 15(b), and in this combined mechanism all plastic hinges present in 

- the. two elementary mechanisms appear—consequently, one more appears (at 

“the left corner) than in mechanism D. However, the plastic hinges (in this. 

_ case, two) which give the structure more degrees of freedom than one (or m more 

than the virtual mobility) must develop simultaneously ; or the structure must 

previously | have lost itsst ability by becoming a mechanism with one degree of 


i: Mr. Beedle has proposed a check ‘of the selection of the proper mechanism 


al and of the proper position of the plastic hinges considering the plastic-moment z 4 


_ condition. This check may be accomplished by computing, by equilibrium, — 
- 4 the moment at each critical section in the frame, by constructing the moment q 


——_ and by rs the computed moments with the plastic moment, 


7 


ft ened off the 
f 
— q 
a 
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» From this an inverse method follows for c computing the ultimate load of © 


By « comparing this with that of author, 
with full plastic moments, M,, at sections 2, 3, 4, and 5 (Fig. 15(a)), and the 
equilibrium- mome nt diagram | on (Fig. 15(d)) n may be ‘sup- 


as shown in Fi in hie votive vie le. 
_ Lynn S. Beepte,'§ A. M. ASCE.—A number of f topics which are important 
ut which were not covered in in the paper have been. ‘mentioned. _by., Mr. = 
enjamin. - ‘The purpose of the p paper was walenogihe to doewment the applica- 
- bility of plastic analysis to structural design. Concerning joint details, Mr. 
Benjamin correctly states that much of the information developed could 
applied in elastic design ; Figs. 6 and 7 are cases in ‘point, and further informa-_ 


tion with regard to such details is available. 
The writer intended to leave the impression th that the profession could 
safely - adopt plastic design for certain steel structures. Of course, it will not 
 Teplace all other design procedures ; sometimes the design criterion will be 
“fatigue, or buekting, or notch toughness. However, in ordinary building — 
construction such limitations are the exception. In England, ‘plastic design 
_ has been used on a considerable number of structures,’ and one building was" 
_ erected i in Canada according to a design based on n the plastic method. v4 noth 
a Benjamin mentions the lack of information on members having a 
"considerable length in the plastic region. _ On the contrary, most of the tests 
Ss been conducted on members in “which one- -third or more of the span 


was under fp pure bending or in a condition approaching it.” ~ This i is true of the 


“ble \5 Chairman, Structural Metals Div., Fritz Eng. Lab., Civ. Eng. Dept., Lehigh Univ., Bethlehem, Pa. : 


* “Residual Stress and the Yield Strength of Steel Beams,”” by C. H. Yang, L. S. Beedle, and B. G. 7 
Johnston, Welding Journal, April, 1952, Pp. 205s. =a) SISO Si 


_ 47.“Connections for Welded Continuous Portal Frames,” by A. A. Tobrac, B. G. Johnston, and L 
‘Beedle, ibid., July, 1951, p. 359s; August, 1951, p. 397s; and November, 1952, p. 543s. 


“Plastic Design in Structural Steel,” by L. 8. Beedle, B. Thurlimann, and Ketter, 
notes, A.I.8.C.-Lehigh Univ. publication, Bethlehem, Pa. September, 1955. 


4 Steel Structural Frames Designed on Plastic Theory,”’ by D, H. Little and A Proceed- 


re 


. E., London, May, 1955, No. 44. — 
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in Figs. 1(), and 8, all the “Lehigh tests” of Fig. 14(a), 
and all the tests of Fig. 14(b). Because this “pure bending’ condition . 
not ordinarily found in practice, the typical behavior will usually be better 
than that evidenced by most of these tests. 


ae The other type of member mentioned is the tapered beam. a ‘Iti is true that 


buckling « characteristics are being conducted (1957) at Columbia University. 
_ in New York, N. Y.). However, plastic design achieves its economy without 
_ the necessity for tapering the members. On the other hand, if there are 
instances where tapering might be desirable for other re reasons, such a beam 
= ean be analyzed without difficulty by the plastic methods. This is illustrated _ 
by the subsequent example in which a comparison is made on the basis of a 
uniforn mly loaded, fixed-ended beam of a 40- ft span. ‘Two possible solutions 
- will be examined; ; the load may be supported (1) by a uniform member or 
by one tapered from the ends to midspan. the first instance, a 30W108 
beam (S = 299.2 in.* and Z = 340 in.’) on a 
distributed load of 375 kips according to | Eq. 3. "How wil a , tapered oe 
In n analy the tapered member, equilibrium of of 


T 


in which M,, and M,: are plastic moments at the ends oat center, respectively, 


“and M, Ww) is the plastic modulus of the 30W"108 member. It is assumed that 


the member has a uniform taper, smaller at the center, and symmetrical about 
_ the center line. The ratio of M,: and M,: can be selected as any reasonable . 
_Value—for example, My: 1= 3M, 2. 2 Because the plastic modulus, Z, bears a 


linear) relationship to M, (from Eq. 1), then 


> 


ste ue of Z 


in which Z is the voqeieed plastic modulus; b, ae flange width; t, the flange | 
thickness; w, the web thickness; and d, the depth of the member. _ If the 
- flange dimensions and the web thickness are selected to be about what would 
be found for such members (b = = 110i in., t = 0.751 in., ‘and w = 0.625 in.), then 
a the only unknown in Eq. 31 is the depth, d, which may be obtained by solving 


tat 


d 
4 
— 
5 
— 
4 
— 


. 
= § Zw = 510 in. and = = 170 in,?, the required depth at 
the ends is 388 in. and thatatthe centeris16.3in. | 
_ Comparing the weight o of the two beams, the uniform member according © 
to the plastic design weighs 4,320 lb. weight of the plastically designed 
tapered beam is 4,440 lb. Thus, the two designs arrive at approximately — 
_ the same weight with a slight advantage (3%) for the uniform member. Of 
ws course, there would have to be added to this the additional fabrication cost Pia 
for the tapered member. Incidentally, conventional elastic design of 
uniform beam would have required a section modulus of 429 in.* 
section would have been used, the total weight being 5,640 lb, or an increase 
“of 31% over the similar plastic design. In addition to showing the economy _ 
« material of plastic over elastic design, this example demonstrates that — 
_ plastic design achieves economy without the necessity of tapering the members. 
ot An “Shiai of load factors was particularly avoided in the original — 


other factors also enter into 7 
the Rather than confuse the ition of plastic behavior of 


structures with a discussion of the factor of ‘safety—a discussion, incidentally, 
- which is equally applicable to conventional elastic design—the factor of safety 
_ was selected, under the heading, ‘‘Reserve Strength of Steel,” on the basis of 
_{* * * ultimate load as the design criterion provides at least the same margin of 
reserve strength as is presently afforded in the conv ventional design of simple — 
beams.” Depending on the shape factor selected, this value could vary 
fro from 1.75 to 2.03; the former was chosen for illustration. — guifesrssai adi voi 
ian va Concerning “office-design costs,” the techniques | are relatively simple and | 
Dy are being learned by many practicing engineers. However, the task of in- 
_ struction and education belongs with the colleges and universities, and many 
1ow include the subject in their curricula. 
a _ Code revisions are frequently mentioned. _ What form should a code o 


r 
specification for plastic design take? A ision may not be 


method, and this was done simply of : an ‘ “enabling clause. 
' _ similar approach might be used in the United States. Of course, such a 
provision would be preceded by surveys and evaluations.” * 1% 2% Two 
other documents eventually will be required, and work is being conducted on he 
i each: (1) Theoretical considerations, experimental verification, and guides for 
use in plastic design and (2) a manual of design examples. 
‘The former will include a justification of pr provisions, 


‘the inclusion of test results, and a summary of procedures. A first step in the 
completion of the task of formulating such “rules of practice” has been taken.” 
_A joint task of the ASCE Committee on » Plasticity Related to Design and the _ 
Welding Research Council’s Structural Steel Committee, Lehigh Project 
_ Subcommittee, i is being conducted to complete this report. 


Work on a manual — 
of design is under 


way in the offices of the American Institute eof 


7 tice in Plastic Design, by rk 8. Beedle and B. G. Johnston, oe No. 205.20, Frits a 
Ene. “Lab, Lehigh Univ., Bethlehem, Pa., "August, 1954. 


, AIS.C., April, 1956. 
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; Steel TLRS such as these should go far toward speeding 
day when plastic design will be more frequently used by engineers. 
Sobotka has discussed the case of a member of nonuniform: cross 
section and has selected as a special case uniform members with cover plates’ - 
- or haunches : at the supports. _ For this 3 case, Eqs. 10, 11, 16, and 17 apply- 
at In the e general case of a tapered | “member, a vertical shear foree is present at 
section C. Of course, if the member AB had been of uniform strength in the 
examples, then the shear force" would truly have been zero at section C even 
if the moments at A and B were dissimilar. _ In the tapered-beam example 
_ cited earlier, the plastic hinge forms at the point of maximum moment (and | 
_ wero shear) only because of the particular symmetrical arrangement chosen. — 
te Had the beam been tapered i in the other direction (deeper at the center than 
_ at the ends), the hinge would not have formed at the center. Instead, two 
hinges would have formed simultaneously to to 1 the left and to the right of the 
z center of those points ; where the moment capacity - of the beam was just. equal y : 
to the required statical moment of the member. The shear is of course not 
_ gero at those points. This simply underscores that the variation in moment nf 
capacity with distance along the beam must be considered in determining the 4 
location of plastic hinges of aldesilqae ei doidw 
my ape Mr. Sobotka’s “method of forces” is the same as the ‘ etalenighionl 


equilibrium method” noted by the writer and described in detail elsewhere* 


_ and used to solve the fixed-ended beam problem (Eq.3), 7 


In closing, the writer would like to thank k Mr. Benjamin and Mr. Sobotka 


3) 
om 


— 
— 
7 
— 
4 
7 q 
— 
— 
q 


s& 


SOCIE OF CI IVIL ENGINEERS 


add Founded November. 5, 1852 many 


-Lioyp K. CLARK' AND AMos J. ALTER,’ MEMBERS, ASCE 


a Long, subzero winters and permanently frozen ground i impose many restric 
tions on the design of water systems in the Arctic. 
several times greater i in the Arctic than it isin moderate | climates, and 
- conditions are more complicated. The results of a failure to recognize these 
factors are described I herein, and design features : are suggested for determining 


cto’ Te 
the souree, treatment, distribution, and storage of a water ‘supply 


van Jute poed ligt fn (1st yailivis lod grees 
In 1932, Father Etienne Bazin, a Catholic missionary in the Iglulik Islands, = 


located above the Arctic Circle in Canada, made the following entries i in Lad 
di 


“July 30—The mosquitoes are plentiful this year ‘something 
_ frightful; you can’t put your nose out of the ice is beginning 

loosen; soon it will be gone fr (a) 

“August 25—Yesterday we ad 8 white whale and | harpooned 


mah “August 27—There is ice on the lake ** * the 


today. As you see, summer isnot very long.” 


_ To those in a temperate climate, a 30-day summer season is unbelievab g 
short. | However, conditions in the Arctic include much that is unbelievable _ 
and paradoxical. In winter the sun barely rises over the horizon, if at all. 

_ However, many of the long nights are lighted by the shimmering colors of the — 
aurora ty Each year in summer the Fairbanks, Alaska, baseball team 
traditionally starts a game at midnight without floodlights. Kok 
gs One may bask in 90° weather in July , but the frigid January winds will 7 
freeze exposed flesh in one minute. Although most of the underground soil is 


_ . Nore, —Published, essentially as printed here, in April, 1956, as Proceedings Paper 931. Positions 
and titles given are those in effect when the paper was approved for publication in Transactions. ~~ 
Clark. Groff & Cave, Wagrs., Salem, Ore ii ons 

in thus: refer to corresponding it items in = (see Appe' 
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1,000 ft in elevation. 


of ponds and ‘The design of a satisfactory community water system 

7 - This is not to say that the Arctic is impregnable, because men and machines — 

\ have penetrated this area during the past decade (1945-1955) on a scale un- 4 
~ ‘ equalled in the history of the Arctic. This penetration was caused by wartime 

- demands and is being assisted by the discovery of the vast resources of ‘the [ 
area and the ability to procure and use them. In the sub-Arctic the quest for — 

_ precious and base metals—such as petroleum, iron and ferroalloys—is becoming 

increasingly rewarding. The harvest of the tremendous coniferous forests of - 

the sub-Arctic region is at present (1956) just beginning. 4 

bel To date, the climax of the penetration of the Arctic in the western hemi- : 

‘ sphere was reached in Operation Blue Jay at Thule, Greenland (2) (3), which 4 

a. is less than 900 miles from the North Pole. Here, in less than 100 days, a <é 


S - modern air base was built, , complete with landing strip, hangars, and comforta- ¢ 


ble living accommodations for several thousand people. One of the 


both civilian military, have been are expanding. 
In Alaska approximately $20,000,000 have been spent for this purpose. The 
Distant Early Warning Stations that are being built across the top of the 
_ world by the armed forces must also be provided with water systems, although — 
. 4 Literature is gradually accumulating to relate the problems encountered — 
7 and the means for solving them (4) (5) (6) (7) (8) (9) (10). ~The number of | 
— design engineers has increased, and these engineers are janie rapid progress — 
in learning and applying the disciplines imposed by Arctic conditions. Many © 
7 “4 ‘designs and installations have been observed (11) so that an evaluation of their 


adequacy car can at least | be attempted. ti 


Nein i att Know none bere bae- 
a It should be noted that this paper refers } mainly to the inland Arctic areas) 
_ and to those areas bounded by the Arctic seas or underlain with permanently — 
_ frozen ground (permafrost) (12). Most of the communities in the north were | 
- first settled along the sea coasts of the northern Pacific Ocean and northern 
‘Atlantic Ocean. Currents from these oceans and trade winds are responsible 
for average annual temperatures of 30° F at locations above the Arctic Circle. 
- _ Much of the coast of Greenland has these moderate temperatures | whereas the 
Arctic area inland averages from 0°F to 10°F. be 
= 
i ‘The lower limit of the sub-Arctic i is generally considered to extend as far 
“south as approximately tl the 50th parallel, which includes most of Canada oa @ 


|) ARCTIC WATER @ 
hot springs exist.’ hich comprise most elatively shallow. On the s 
The Arctic seas land and ice mass to the a 
nland, which is the larg 8 
her hand, most of Greenland, whi - 
than a mile in elevation. 
supply is also | 

4 

— 
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the North on the continent of Asia it extends from a 4 


ale The principal effects of the prevailing low temperatures and the permafrost B.. 
- are shown by the retardation of biological and chemical reactions and by the a 
5 changed physical 1 properties of fluids, gases, and solids. — Some of these we eects 


"i 1. Ground water obtained from the permafrost area (14) through wells is 


subject to freezing in the withdrawal pipe when underpumped and to freezing 
a 2. Frost heave (15) may damage well- pump installations; the freezing “.. 
3. Surface waters may freeze to the in a 
ma Creation of an impoundment by constructing a dam may alter the “f ; 


ground thermal regime to such an extent that the stability of the structure 


ae Intakes in surface sources are readily subject to clogging from frazil i ice. 
:\ hla 6. All chemical treatment processes. are slowed down (16) to the extent that 

‘reaction chambers may become inadequate in capacity, 
miei Subsidence o of chemical floc and natural turbidities proceeds slowly. aa 


8. Increased viscosity of water retards filtration. 
gt Drainage devices, such as those provided for hydrants, are rendered in- 
10. Foundations of structures placed c on permafrost are subject to complete 


. Distribution of water through | piping systems may be made difficult by 
frost penetration and subsequent freezing, which is also. true for the storage of 7 


deteriorate electrical and ‘mechanical works r thereon. 


2 In addition to the effects of low temperature and sutaieboeth there are con- 
ditions inherent in Arctic waters which must be taken into (22). ‘These 
7 are: (a) Surface waters possess fairly | high pH-values and frequently contain © . 

_ considerable glacial silt i in ‘Suspension, » and (b) ground waters are, in general, - 

highly: mineralized—iron is usually present in objectionable quantities. From 

the conditions cited in the foregoing, it is apparent that to design — properly 

for Arctic waters one must know Arctic conditions. It has been demonstrated 


too « often that to ignore this fact is to invite disaster. 


[ _ Operating Conditions.—The design of a water system must recognize the 
need for relative simplicity to insure operation during a period of extreme cold. 
_ Whenever an operator must work outdoors during this period, his major con- 

~ cern is keeping warm. — Remote locations of intakes and storage facilities will, - 

_ therefore, suffer from inadequate inspection; utilidors (large cc conduits) ‘that 
cannot be easily entered complicate repair and replacement. ehade. 

_ The operation of Arctic water systems in remote areas is complicated by the a 

fact that trained personnel are scarce and are often incapable of SRS 
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ARCTIC WATER SUPPLY 
q 
numerous automatic and intricate electrical and mechanical equipment. “all 
~ over, distances are great, _and the weather is not always suitable for airplanes; 
thus, repair partsaredifficulttoobtaing 
Economics and Design.—| It is well known that construction costs in 
region are » extremely high. In the vicinity of Fairbanks these costs are are approxi- i 
_< four times the costs in the United States. The Alasks Public Works — 
oe office in Juneau, A _ Alaska, reports that the bid price { for 4- in. . steel pipe in place — 
a" at Palmer, Alaska, i is $7.42 per ‘ft. and that the bid price for 4-in. cast iron pipe — 
is $10.90 per ft. The costs for water systems for the armed services in even i 
‘more remote areas have not been revealed. 
view of such high costs, ‘most Alaskan community utilities are 
+= by funds from federal sources through the Alaska Public Works. Even with 
_ this assistance, a city's indebtedness to purchase a suitable water system may ; 
cost as much as $350 per capita. Apparently there is no federal relief to assist 
with operating costs, however, and the highly expensive plant is also costly 
to operate and maintain. ie It has been estimated that tl the maximum cost at 
_ Fairbanks for r pow er alone would be $36,000 per y ryr. for a} present. population of 
7,500. If one adds to this sum the cost of labor, chemicals, and genera] main- 
- tenance for a $5,000,000 installation plus the annual charges | for interest and s 
retirement of the city’s share of the indebtedness for the first cost, the estimated 
annual total cost per capita is almost as much as the initial outlay, or approxi- 
mately between $250 and $300. Thus, i in spite of federal aid, water systems 
the far north cost a great amount t of money , Which further restricts the designer. & 
et The following design features have been compiled from numerous sources. — 
- ‘They « are not all- inclusive, resulting largely from experience and from research — 
by individuals and various agencies. Some of these features are in the form of 
ig suggestions for remedying deficiencies which have been observed in | existing sy 8- 
tems. They are presented with the sole intention of aiding those concerned _ 
creating new systems or improving existing works, 
7 a Basic Factors.- —The design should probably first consider the pears 
wen. 4 and extent of ground frost in the soil for the area concerned (28) (24) (25). 


_ The factors which determine temperature and ground frost fall into two main 


CPUS 


p position—latitude, altitude, proximity to of water. 
terrain,andexposuretothesun;and 


(2) Local conditions—ground cover, moisture content of soil, soil density, 


~ goil color, soluble salts s in soil moisture, and thermal properties of soil. poet fae 
‘Familiarity with these basic factors should ‘automatically demonstrate the 


Selection of a Water-Supply Source—Surface Waters.—In comparatively 
: rough terrain, such as that in Alaska, surface-water runoff is s rapid i in all areas 
except i in the lowlands near rivers and river deltas. In permafrost areas, water — 
sheds cannot normally be expected to retain precipitation similar to water sheds 


. in temperate climates because percolation is restricted. Minimum stream flows - 


ist d late te d early s ted 
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corn 
Impoundment of surface waters must be by a thorough study of 
conditions. ‘The stored water may thaw permafrost which, 
; pending on the nature of the soil in the permafrost, may in turn open under- 
ground channels for the release of of the stored water. Thawing ¢ of permafrost 
is under dam structures may render the foundations unstable, especially 1 where — 
f soi particles are finely divided and possess a high moisture content and where fle 


other precautionsare taken, 
it Intakes should be : placed i in a suitable depth of water to allow the ice cover — 


to protect against frazil ice. However, this is not necessarily the only solution 
to this problem. — _ Controlling the the velocity of of flow may be indicated as wellas — 
Selection of a Water-Supply Source—Ground Waters.—In winter the ground a. 
_ waters are usually warmer than surface waters. . This higher temperature means 
that less ai auxiliary heat is being added to the distribution system; the deeper — 
ground waters are usually the warmest. 
waa Water production from wells has been found to fluctuate, ‘reaching a a mini Bo 
- mum in late winter and early spring. Some well supplies have become entirely — 
_ depleted. Therefore, test pumping during this critical period is advisable ane 
determine reliable yields prior to the final development of the well. Dz J. = : 
Cederstrom (26) has prepared : a _ comprehensive summary | y of ground-1 water de- om 


ry The following features of natural topography indicate the possible avail- — 


ability of ground water: red 


| a. Wide, ‘shallow exposed channels, glacial st streams, or r alluvial fans: paretew 
ms b. Slopes at, or near, the foot of a mountain or hill where movement iil a 
ground water down the slope may be intercepted ; 


Locations immediately downgrade from poorly drained areas, such as 


d. Any sudden reduction in natural channel or channel width 
such a way that the constriction would tend to accumulate water. them 


_ Where water sources are difficult to find on the ground, aerial studies have ~d 


_ been helpful. Color photographs taken in the air during the late summer sea- 


son may show up areas “ dense green vegetation, which indicate the presence of > 


. _ The sites selected for a , Water source should minimize the lengths of cal 


mission lines b and reduces inspection and maintenance. 
If possible, ground- water sources mom ‘be located near a source of waste heat as e 
was done in Fairbanks near the city power plant. In an attempt to obtain na 

- water supply i in winter : at more than freezing temperature, engineers in : Anchor- vn 


. i age, Alaska, have . considered the underground storage of summer flowsfroma = 


nearby river. (Recharging of ground- water ‘supplies in Sweden been 


Well and Pumping Facilities.—In order to avoid damage from seasonal frost I 


_ and from permafrost, the well ond: pumping-works design must incorporate some 
features in addition to the orthodox weatherproofing practice. . Concrete slabs 


3 are poor insulators. _ They transmit the heat from matte in well cnsingh, in- a 
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Concrete slabs 1 may also « occasionally thaw the underly permafrost. 
When this moisture refreezes, heaving takes place which may damage pumping 
facilities and throw vertical well pumps and casings out ofalinement. 
™ The freezing of well ¢ casings in contact with permafrost is prevented by a 
judicious pumping program. Where pumping costs are excessive or pumping is 
not adv isable for other reasons, different means must be provided to prevent: 
; freezing. . Resistance- heating cables and hot water have been used with some e 
i _ success. In pumping wells care also should be taken not to exceed the recover- 
able yield of the aquifer because this may deplete the total quantity of water _ 


to the extent that freezing may occur from the of 


mm Permafrost temperatures should be determined for water wells and whenever ; 

permafrost 1s in may from 


the water well, are in determining water yields and in charting the 


—Ground waters will usually require iron | removal. om 
: high iron content: appears to be characteristic of most ground waters from 


ing coagulation and filtration. Other rivers and rivers in northern 

_ Canada are turbid and colored during spring and summer runoff, and treatment 4 

should be used. A fairly high pH-factor is common in these waters; this factor 
combined with low temperatures obviously retards disinfection by chlorination. 
Disinfection must be mandatory because in winter the ice on many streams isa 


eae for fecal and other wastes s which are presumably carried away 


gions should be be with caution. one instance when this was done 
the water was quite satisfactory during the first part of the winter. . However, 
as the cold weather continued, the ice cover became thicker, and the water | 

a quantity | lessened with the result that organic matter and minerals bernie 
highly ‘concentrated. From ‘January 15, 1949, to February 2, 1949, the to total 
_ dissolved solids of this supply were doubled. Whereas from this system one © 
‘ could draw normal, relatively clear water in December the liquid emerging from — 
the tap during the course of the winter literally 1 resembled diluted sewage in 

_ appearance and odor. Treatment processes must taken into account (a) the — 
“a increased Viscosity of low- -temperature ' water, permitting the carry ing of greater 
j silt loads and r requiring settling chambers and a filter area . nearly twice that of 
_- Warmer waters; (b) the slowing-up of chemical reactions so that flocculation 


basins may have to be enlarged as much as three times the orthodox design; and — 
7 


| 

+ 

7 

removed with reasonable assurance that it will not return. Low-temperature 
5 

— 
> 
— 
_ treatment required for surface waters varies considerably. In Alaskan areas, 
— 

large lakes in northern Canada are usually suitable without treatment | | 
except for chlorination. Waters from muskeg areas are typically colored and 
tmz 
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ARCTIC 
the ‘solubility o of whic hr may 
‘mall The foregoing implications indicate the desirability of raising the tempera 
ture of the water prior to treatment. yo This has been done at the new treatment 
_ plant at Fairbanks where waste heat from the power plant is utilized. — Even — 
though waste heat may not be available, the designer should balance the costs 
— | deliberately furnishing z z auxiliary heat against the increar-d costs of treating 
~ eke In addition, , experimentation in chemical dosage, flocculation, and settling — 
over the wide range of conditions encountered is doubly important. Labora- 
tory facilities obviously should be included in any treatment-plant design. il 
_ Adequate insulation for the outside walls of treatment-plant construction — 
and positive means for humidity control should be provided to prevent the con- _ 
densation and freezing of moisture. Treatment-plant operation would prob- — 
ably be facilitated by the use of electrical control or air control of valves and 
_ by rate-of-flow controllers, as well as | by indicating mechanisms, rather than 


Where seasonal turbidities are the only objectionable constituent in a small — 7 
water supply, consideration should probably be given to the use of diatomace- _ 

ous-earth filters. The initial cost of this system is only a fraction of the cost 

of the orthodox coagulation and filtration processes, and operation is greatly 

simplified. However, presettling should be used in this method when turbidi- 4 

ties are high. _ (Aklavik, Canada, has used these filters with apparent success. z a 


_ Distribution satisfactory distribution of water 


prevention of is somewhat simplified. The usual 


- practice in n this ¢: case is to construct utilidors, which contain both the heat and | 
the water-transmission mains. Other utilities (including sewers) may also be 


sewer lines jeopardise the safety of the water mains. Experience has shown 
that the large conduit may settle out of alinement causing water and sewer lines — 


_ struction, it is s suggested that a smaller utilidor be sloped to drain throughout } 
_ and that the sloped lines terminate in buildings or stations which require opera- , 
_ ting personnel to enter the utilidor a at least daily and thus observe conditions. 
‘The roof of the utilidor, except perhaps for that of the walk- through ty ype, should oe 
- be so constructed that access to the interior is readily accomplished. Remov- | 
able slabs with lifting hooks have been s satisfactory | for this purpose bag!) foun 
Distribution of water without using utilidors is ‘commonly but 
"auxiliary heat must usually be provided. | _ This heat may be added at the source 
a or at at strategic points in the system. 7 The source of heat is optional and prob- : 
ably depends on the local situation as to availability. _ Temperature-sensing * 


= be of the walk- through type. +e finances do not permit this costly 4 
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inetraments are for control, and, if desired, the ann 
_ will insure almost automatic operation to keep the water above freezing. Heat 
_ is conserved by maintaining a temperature of only slightly more than 32°F — 
_ The cost of insulating water pipe should be balanced against the cost of _ 
- imereased heating. Materials that are locally available—such as peat, moss, — 
sands, and clay—have been used to economic advantage. Some insulation | 


for by backfilling with suitable materials such as sand and gravel, if available, — P 
P< form a more substantial bedding for the pipe. to aed 
‘The recirculation of water through the system appears to be favored by 
engineers. Although the two-pipe system with a smaller-sized return 
fs dine’ has been used, the single-pipe sy: system is probably p preferable. ft This system 
assumes that service connections can be made without danger of freezing. Here, ip 
 S — auxiliary heat may be used, although a recirculating service line i is: en- 
To avoid seasonal frost, water mains should be laid below the average depths pe 


_ and subsequent settling. However, this contingency can usually be provided a , 


4 to which the frost penetrates. A 10-ft laying depth has been used in systems a 4 


now ‘operating, although where good insulation and heating are provided much 
‘ shallower trenches have been used. One system places most of the water mains + 
in insulated boxes on the ground surface. . Another system provides a a cover of © 
from only 5 ft to 6 ft. paid! Nichoew od nd Bindcte 
_ Storage.—Storage above ground has been used in part of the northern United _ 


“_ States where riser pipes are well insulated and auxiliary heat is introduced at a 


A the base of the risers. . Recirculation of water in the large-diameter risers may re. 
_ be sufficient, but temperature indicators should be provided in this case. In ph \ 
J addition, the elevated tanks themselves should be enclosed with an insulated me 
outside covering for the most economical operation. (The: top section of the Wie 
_ twelve-story city hall in Kemi, Finland, houses the city water-storage tank.) _ “ 
_ §$Storage in surface and subsurface tanks and reservoirs should consider the _ 
_ underground conditions, the nature of any permafrost, and the soil contained in _ 
i the permafrost. The relatively poor insulating qualities of concrete should be 
borne in ‘mind, and supplemental insulation should be provided v where transfer 
_ a _ Structure Foundations.—Various attempts have been made to provide stable _ 
, <a foundations f for structures placed i in or above permafrost as follows: arent peer 


Removing finely divided soils with a high moisture content, and replacing | 


with more stable m: material, such as gravel or crushed rock; q 
2. Jetting and < driving piling into th the permafrost and allowing the piling to ws | 


~ aye 3. Inserting refrigerating coils into the un underground soil to maintain con- — -% 


ju 4. Using plenum chambers below s structures pers which the outside ae 


= 

surround water mains placed in permairost to avoid excessive thawing 
: 
— 
‘ 

q 

i 

a 
— 

of the ground so that the 


~ 


plenum are installed for circulating cold outside air during 


ar the winter, cons sideration n might be e given to the insertion of a refrigerating unit i 


| . in the air-circulating ducts for summertime cooling. The use of refrigeration 
oq coils to keep the ground | frozen should be approached with caution. . if the Z 7 
thermal regime is such that the permafrost gradually thaws, the freezing coils Pa 
become completely inadequate regardless of their capacity. 

= ‘The design of water supplies for arctic conditions must take into account the a 
*y rather severe restrictions imposed by the long, subzero winters and the per- _ ' 

i manently frozen ground. To overcome these restrictions the designer should 

 @ thoroughly study local conditions of temperature, permafrost, and the 

q _ availability of insulating materials; (b) make allowance for the retardation of 7 

biological and chemical reactions; (e) consider the personnel who will operate | 
the system; and (d) provide for ease of operation, inspection, and maintenance. 

In addition, the extremely high costs of labor, materials, and equipment 


7 2 ‘should be borne in mind so that the owner will be financially able to purchase 


utility and to operate it thereafter. ri 
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INTERMITTENT DISCHARGE OF SPENT 
SULFITE, 


Hessian R. AMBERG? AND ROBERT ELDER? 


"(Washington and Oregon) is proposed as a method of controlling slime growths. 
Laboratory studies showed that slime growths in a receiving stream could be ie 
controlled ‘if the wastes were discharged intermittently into a river having 


sufficient vol volume and high velocity. suit Ruler, = 


problem commonly with the « discharge of organic wastes 

_ excessive slime growth. The growth of slime in streams is a natural response — ae 

to! the increase in nutrients and, at times, the growth may become sufficiently — 


“great to cause serious pollution problems. 
_ _The filamentous bacteria, sphaerotilus natans, are usually found in streams ~ 
receiving carbohydrate wastes, and growth of this particular ‘organism may 
occur on extremely weak substrates. For example, under proper er environ- 
mental conditions, from 0.5 ppm to 1.0 ppm of sugar is sufficient to produce 
_ considerable sphaerotilus growth. . Excessiv e slime growth has been a problem — 
on the lower Columbia River (Washington and Oregon) for a number of years, = 
_ and this problem will undoubtedly increase with the industrial expansion of the 
area. During a period of low flow, slime growth reaches such levels that it 
_ interferes with the gill-net operations of the commercial fisheries. Bey! the sia 
_ The primary sources of pollution in the lower Columbia River are aie, 


«Sewage, spent sulfi sulfite liquor, and numerous is industrial wastes. The ‘spent sulfite 


charged into the lower Columbia River 140 tons of wood sugar 
operating day). Domestic sewage discharged in the critical area together 


> Nore.—Published, essentially as printed here, in April, 1956, as Proceedings Paper 929. ‘ton 
aid titles given are those in effect when the paper was approved for publication in Transactions, ~~ 
1 West Coast Res. Engr., National Council for Stream Improvement, Inc., Corvallis, a 


Research Fellow, Eng. Experiment Station, Oregon College, Corvallis, Ore. 
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with the carbohydrate load makes the problem worse by "Supplying 
organic ¢ nitrogen to stimulate excessive sphaer otilus grow 


_ Although the slime organism will develop on inorganic eerie grow wth i is ta 
- stimulated by the addition of traces of organic nitrogen supplied by — 
_ For example, C. C. Ruchhoft and J. F. Kachmer* found that sphaerotilus natans — 
had difficulty using glucose i in a medium containing only glucose and mineral Wl 


Salts. one in a medium containing glucose and mineral salts, 
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Fie. 1. —Conrmcous-Fiow APPARATUS FoR SPHAEROTILUS Growre 


only 41 ppm of the 1,000 ppm of glucose originally present were used i in 120 hr ‘ 
by a culture of sphaerotilus natans. With settled s sewage the was 
. rid In 1955 experiments were started at the Engineering Expe: iment Station of 
4 Oregon State College, at Corvallis to find a method of discharge which would 
eliminate or —— the slime problem. This paper is a sunmary of the initial 


“Studies « of Se XIV. The Role a ‘Sphacrotilus na | Activated ‘Sludge Bulk- 
ing,” by C. C. Ruchhott end J. F. Sewage Works Journal, Vol. 13, 1941, pp. 3-36. 
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a of investigation conducted tod determine the effect of intermittent nt feeding a 


_ Because bactoris require a constant supply of nutrients for optimum growth ~ 


Application intermittent by the sulfite mills on 1 the Columbia 
_ would require storage facilities sufficient to hold the waste for from 20 hrto a 
_ 24 hr, with pumping facilities of ‘sufficient: capacity to discharge the spent 
sulfite liquor i in from 2 hr to 4 br per day. eit 
In the studies reported, a continuous-flow apparatus was used to determine — 
the the effect of intermittent discharge of spent sulfite sulfite liquor on sphaerotilus growth. ass 


ae ig. 1 shows a single ‘unit of the study a rack of twelve nails 

--umns was used. Raw river water entered the constant-head reservoir, where 
it was heated to 20° C by an immersion heater controlled by a thermoregulator. be 
Raw waste was injected into the water line by a 4 multifeed, constant-displace- _ 

-_ _ ment pump. The continuous water and waste flow entered the bottom of the 

; column and was discharged at the top. Water flow was regulated by adjusting — 

_ the height of the effluent line. te plasterers’ lath was centered in the column to 
provide a surface for the attached slime growths, and a recirculation pump 

4 having a capacity of 2 liters per min was used to ‘Tecirculate the water, thus — 

- 

B, on Preliminary studies indicated that maximum growth w: was attained in seven 7 

‘days, and growth rapidly decreased after that period.  Atthe end ofs seven days 
the columns were disconnected and 
The growth was TABLE 1.—ANatyses oF 
-_seraped from the column walls and from “| SULFITE Liquors 
the lath and was collected in a 2- liter Usep Tas 


vie 


4 growth was recorded after a 30-min set- 


4 period. The settled growth was Total solids (%) 


and determinations of total BOD 20 


"graduated cy linder. The volume of. 


volume determinations were more indicative of 
conditions than the dry weights. 

a fected by adsorption of silt and | debris and ‘gave poor indication of ba om ~3 

_ The growths collected from each column were subjected to a careful te 
examination to determine the type of growth. ‘The fresh-water flow 

through the columns was maintained at 500 ml per min, and the water tempera- 
ture ranged from 20° C to 22°C. Mal Analy ses of the /ammonia-base and calcium- 


a base liquors used in these studies are presented i envidibaos 
lhe Concentrations of the spent sulfite liquor are recorded herein as Parts per 
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INTERMITTENT ‘DISCHARGE 


Ammonia-Base —The initial experiment was designed to 
r strate the difference between intermittent and continuous feeding of ammonia-— 
44 base liquor as measured by the slime g growth at the end of the seven-day test 


_ Extensive surveys of t the Columbie River below the pulp-mill outfalls have q 

§ pins that the maximum spent sulfite liquor a short distance below these out 

oy _ falls is approximately 5 ppm. If the entire daily production of liquor were dis- . 
charged during a 2-hr period, the maximum concentration in the receiving 


_ stream would be 60 ppm, and discharge over a 4-hr period would give a maxi- 


2.—EFFECT OF FEEDING AND ConTINUOUS 
_Frepine on Suime Growrs (21°C Water TEMPERATURE 


concentration, in B.O.D. added, in interval, interval, Slime in 

‘parts per million parts per by in 

of bone-dry solids | vii 


eh me (a) Aumonta-Bast Srant Liquor 


Lids (b) Caucrom-Base Liquor 


mum concentration of 30 = These concentrations w 
q as the waste progressed downstream. 
_ The results of the initial experiment are presented in Table 2 2(a). . Dis- 
abe ge of the spent sulfite liquor over periods of 2 hr, 4 hr, and 6 hr entirely, o 
sliminated sphaerotilus growth. _ Microscopic examination of the small amount 
. of growth failed to show any signs of sphaerotilus natans. As the feeding cre 
“a was increased | to more than 6 hr, sphaerotilus g rowth was again noted. — 
2 a ‘The striking difference in growth can readily be seen by comparing the vol- 
ume of growth under continuous-feeding conditions and 
9 conditions. _ For r example, 60 ppm of ‘sulfite : solids fed over a 2-hr interval pro- 
* A - duced no visible growth whereas the same amount of solids fed continuously = 


800 ml of growth at the end of seven days. Intermittent 


# 
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The elimination of slime growth at the 60-ppm eoncenteation was not cause 


by any toxic effect because 60 ppm of s spent sul sulfite solids fe ate continuously re- 


pulted i in prolific growth (1,950 ml). 
Calcium-Base Liquor—tin the second series of experiments, 


_ liquor was substituted for the ammonia-base |i liquor. T he results of this ana 


_ _ No significant difference in slime growth ¢ could be detected i in columns which © 


fed intermittently or in the control. columns. Again, microscopic ex- 
: amination of the growth showed no > sphacrotilus n natans in any y columns re- 


ceiving intermittent doses of spent sulfite solids. ri 


late 


TABLE 3— —Errect or FEEDING ON SLIME Growrn 


i 


interv interva 


4 Ammonta-Base Liquor, Two Datty FEEDINGS” 


Continuous feeding of equivalent amounts calcium-base spent liquor 
duced considerable gi growth. ~ Microscopic examination of the growth developed 


under continuous feeding showed that the growth was almost a pure culture of — 


 Ammonia-Base Residual. collection spent liquor from the blow 


er is not complete, it was thought practical to determine the effect of a con- i 
tinuous low concentration of spent sulfite solids on slime growth when an 4 
. ‘intermittent-feeding schedule was used. A background concentration of 2 ppm 
of spent sulfite solids was fed to the column on a continuous basis, and the 
intermittent-feeding schedule of the initia] experiment was repeated. se 
feeding ona 2-hr basis. produced 1 no significant difference 
slime growth as compared to the control and the column receiving a continuous — 


of 2 Table 3(a)). Increasing the intermittent- 


feedin h comparable, on a volumetric 
— 
> 
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INTERMITTENT DISCHARGE 


an A microscopic examination of all samples c of slime the columns 
receiving 2 ppm of ‘spent-sulfite-solids residual (continuous feed) showed 


Two Intermittent Feedings per per Day.— ~ feedings would have definite 
a advantages over the single feeding because less storage nny and smaller — 


would be required to handle the spent 


In this experiment two. daily feedings were used—one at 2-hr intervals twice 
a ada} and the other at 3-hr intervals twice a day. One series received a con- 
ti tinuous discharge of of 2 ppm of sermpecure -base solids in addition to the inter- 


seems Table 3(b) it can be seen that two intermitiont feedings were very ef- 


aa: . In the presence of a continuous s residual of 2 ppm, growth did dl 
“velop, alt it was much less than under a continuous-discharge s schedule. 


| Discusston or Resutts 


al the eo results presented indicate ‘that sphaerotilus grow wth can 
io eliminated or reduced by modification of the method of discharge at the mill. ‘ 
Results indicate that optimum growth occurs when spent sulfite liquor is dis- ; 


charged continuously at a constant concentration. Through the ‘use ofan 


_ intermittent-feeding hedaie, the same amount of spent liquor | can be dis- 
without subsequent i increase in slime growth. 


pr a major part of the reproduction during the phase of 
growth. Although intermittent 
_ gulfite-liquor residual resulted in some 
-_ lower than if the same quantity of waste were Pat ae over a 24-hr ied, 
7 Table 2 and Table 3 clearly demonstrate the effectiveness of an intermittent-_ 
feeding schedule. Because there i is always a ‘possibility of some ‘equalization 


a chert a period as possible. Intermittent discharge is effective i in reducing slime mm 
of the stzeam and provided the velocity i is sufficiently swift to prevent equaliza- — 
tion of the intermittent discharges. The receiv ving stream must also have: 
 gufficient flow to ‘absorb the intermittent discharges without: depleting. the 
oxygen supply and without creating ere a 
on _ The experimental data indi cate that the period of discharge can be increased 


: to: to as much as 6 hr without serious sliming, but, if equalization should increase i 


problem may dev velop. Flow i in the Columbia River is sw ift, and it is 


_ whether merging of the intermittent disch varges would ever occur. ae 


eae _ The intermittent-discharge principle has considerable flexibility y. For a 
ample, if there i is a possibility of a certain amount of equalization of discharges, 
discharging the spent liquor from 


rw 


i rowth, but this 
as 
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— 
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discharge pattern in the lower river would be t 
‘The possibility of toxicity should also be considered. — Voluminous survey a 
data. collected below the outfalls of the sulfite mills on the Columbia River — Rs oe 
have “indicated that maximum spent-sulfite-liquor concentrations i in the 
‘jrmiaididlate vicinity of the underwater outfalls range from 3.0 ppm to 5.0 ot er 

of bene-dry solids when over a 24-hr period. Discharge of the e en- 


concentrations would not. "constitute. a ‘serious: toxic Although the 
fish may be exposed to concentrations | of as much as 60 ppm, the time of — 4 
_ exposure would be relatively short (from 2 hr to 4 hr), and this concentration a Nee 
would rapidly decrease upon passage downstream. example, on the basis 
a available survey data, a discharge of 60 ppm at ‘Camas (Wash.) would a 
_ reduced to less than 20 ppm at the Interstate Bridge at Vancouver (Wash.). 2 > oe 
‘Teport has been made* on the toxicity of spent sulfite liquor to salmon 
‘under experimental conditions. Twenty long-term experiments (thirty days) 
were conducted with Chinook, pink, and silver salmon of various age groups | 
obtained from hatcheries. ‘Table 4 shows the mortality “threshold indexes” 
(5% mortality) determined from seven long-term experiments. Ta 
With an intermittent-discharge schedule, the test ‘specimens could un- 
Engineering Implications. —The ‘possible Utilisation of intermittent feeding 
of organic wastes as a method of waste disposal probably has a limited homed : 
have sufficient flow to handle the TABLE 4.—Spent-Sutrite- 
loadings in order to prevent RESULT IN. 
toxicity and oxygen-depletion — 


Parts per million 
| However, the method may pe of Salmon spent sulfite liquor 


successfully used in some loca- 
k 
tions to shift the critical dis Vay 
-oxygen deficit or to 
lengthen the period of self-puri- 
fication. It would be partic- silver 
ularly applicable to streams 


purification occurs through the action of slime growths on the river bottom. 


By poe 6a the slime growths the rate parameter, k, would be reduced, and 


aterm! 
would also be in the rate of decomposition. For example, 


if one assumes a carbon-to-nitrogen ratio in a stream receiving an organic all 


os _ 4“"Toxie Effects of Sulfite Waste Liquor on Young Salmon,” by R. W. Williams, E Mains, W. E, 
J. E. Lasater, Research Bulletin No. 1, Btate of Dept. Seattle, Wen. 
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From the experimental results the e following conclusions 3 


Then most favorable feeding schedule for optimum growth of phaeroti ‘= 
natans is a continuous discharge of spent sulfite liquor. 
2. The intermittent discharge of spent sulfite liquor to river Water’ 
low-pollution residual nos slime growth, provided the discharge interval 
3. The intermittent discharge of ‘gpent sulfite liquor to river water | con- 
taining a background residual of 2 ppm of sulfite solids produces | some slime 
+4 growth, but the growth i is 1 less compared with the discharge | of 
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A 
| USE OF STATISTICS IN RESERVOIR id 

_OPERATIONS 

Victor A. KoELZER,* A. M. ‘ASCE 


- Operating plans must consider the probability of a variation in water supply © 
from that_ considered to be most likely ; in fact, the extreme variations fre- > 
quently form the controls for a a “particular: operation, rather than the most — 
| _ probable supply. The dev elopment of annual operating plans for reservoir - . 


‘bys stems deriving their primary water ‘supply from snowmelt, as well as pro- 
modifications to these plans, is demonstrated herein. 


_ termining limits Pe the ‘development of the operational plans Z_ 


The successful operation es any storage reservoir involves consideration and 


anticipation of a number of factors. Some of these factors are economic, such 


as power rates s and water rental rates, which, for a given period ¢ of operation, are” - 
— predictable within close limits. Others may be physical, such as 
a reservoir, plant, and channel capacities, and are usually fixed. f Legal and con- ; 
‘~ tractual obligations, generally also of a fixed | nature, are ‘frequently involved. b> 
m Still other factors involve climatic conditions which are not usually predictable — 
far in advance and are subject to relatively wide variations. ‘our 
factors are of two types—w ater-use 1 requirements and water supply: sc nbc 
Water-use requirements often involve both economic and climatic 
and, asa result, generally are not random occurrences. the other hand, 


occurrence of streamflow, if unregulated, is 9 natural phenomenon and, as such, 


is a random occurrence. Thus, a stream can be expected to follow the laws of. 


probability, even though its probability curve will generally be skewed rather 
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"STATISTICS FOR | RESERVOIRS 


than in accordance with the normal law. Therefore, it is in estimating water 


at —_ supply that the | use of statistical procedures has the widest application. | 
- Some engineers are reluctant to use statistical procedures because they con- _ 


7 sider them academic or too difficult to apply. _iIt may seem n preferable to use 


= misleading, ‘particularly if no is given to the ex 
¥ “perienced extremes are out of proportion to the length of record. Rae 

Admittedly, the expression of water-supply potential in terms of ‘proba- 

bilities may seem somewhat vague to the engineer who is accustomed to having ~ 

_ amore solid foundation for his computations. — ¥ However, because one is dealing» 


an element that is fundamentally unpredictable on a basis, it 
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should not be surprising if the best method of expression is somewhat less tangi- _ 


ble than that used i in most engineering practice. Most water-use projects will ; 
bei in existence for 1 many years, and the aim should be a successful operation 
during the life of the project. The probability approach does not guarantee 
7 protection against occasional mistakes, but it does offer the best assurance ¢ of a 
high-level performance over a long period of time. If such is the case, the 
approach i is not academic—it is extremely practical 


4 ee = : 
Pe The emphasis placed on the proper evaluation of operational chances 8 does o's 
not mean that common sense, good judgment, ‘and observance of fixed opera 
tional requirements can be ignored. These must be basic in the determination — 
q any reservoir-operations schedule. However, a so-called “feel of the river” q 
is a valuable asset only if it refers to an intimate knowledge of the physical and 
fren characteristics of a river, and is probably much overrated if it is in- og 


tended to imply scenes an intuitive > knowledge of how : a river will perform. 
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"Concerning difficulty use, only the simplest of methods 
needed. _ The time and effort spent in ‘making the analyses represent only : 5 


minute the of the work involved in reservoir operations. 
‘The intent of this paper is to demonstrate the use of statistical procedures, — ro 


rather: than to present arguments in favor of any specific type of analysis. — 

Much information* is readily available on this : subject, and it is considered onthe Hh 

ie the scope of the paper to justify any specific method of meet Pit 
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for R for reregulating. Pump unit which may be reversed for generation. ° Active. piss: 


ing reservoir operations for one of the a systems designed by the a 
‘Bureau of Reclamation, United States Department of the Interior (USBR). 
_ Physically, this system includes facilities of the Colorado-Big Thompson Proj- 
. ect (Colorado), the North Platte Project (Wyoming), the Kendrick Project — 
(Nebraska), and certain features of the Missouri River Basin Project i in these 
sar same states. | The major features of the system are shown in Fig. 1, and perti- — 
= - nent data are given in Table 1. Not shown is the extensive tranemission grid 
which permits interconnected system operation of all power plants, The pri- 
_ mary water supply for the system is derived from snowmelt from the Rocky mi 
Mountains. Early in the spring this water supply can be | on the 
basis of the winter accumulation of snow and precipitation, = = : 
: hai For maximum benefit, the reservoir operations of the entire interconnected _ 
system: ‘must be closely coordinated. Reservoir operations in the different 


_ # “Review of Flood Frequency ASCE, Vo Final Report of the Subcommittee of the Joint Division — 
Committee on Floods, Transactions, ASC. (118, 1953, p. 2 TS 
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STATISTICS FOR a 
i Nadine could be handled independently if only irrigation were tevelbed. 
However, because the power plants in the two basins are interconnected, , close 
coordination between the reservoir systems is essential. To effect the desired — 
balance between reservoir systems and to arrive at the best integrated opera- 
tion of all the features, a centralized operations office was established near 
Loveland (Colo.) in May, 1951. Its functions are primarily related to essen-— 
tial | operational planning and coordination of multiple- -purpose operations. 
ane THE ANNUAL OPERATING G PLAN 1a 
Experience has indicated that the objective of optimum utilization of the © 
water supply can be achieved only through careful budgeting of the e anticipated _ af 
_ water supply against water demands. This water budget is the basic element — 
what has become known as the operating plan,” which has in 
use in the USBR system since the 1952 water year. 
_ The annual operating plan is a defined course of future action . It allie 7 
_ operation studies, supporting charts, and an explanatory text, w hich together © 
“indicate how the facilities will be operated under various conditions. It must 
ah consider the possibility of extremes in water ‘supply as well as in water do 7 
mand. For this reason a complete operating plan includes provision for reason- 
able maximum and minimum conditions of water supply as well as for the most 
4 probable wa’ water-supply conditions. me The plan must also allow for the revisions | 
7 _ that will be made from time to time as the operational season unfolds and new 
4 information i is obtained which indicates the desirability of change in in operational 
It is in computing the reasonable maximum and t minimum conditions to be 4 
_ provided for, both in the basic annual plan and in the subsequent within-season | . 
_ revisions, that the use of statistical analysis is most helpful. . The existence of 
4 adequate streamflow records over a considerable per period of time lends itself well 
to the use of statistical procedures for estimating probable variations in the — 
annual water supply through the derivation of probability curves of annual 
flows. Ina a like manner, procedures. for shorter-term forecasts of 
such as for seasonal snowmelt runoff, generally include computation of the 
standard error of the forecast, in such cases in a manner 

An essential element of the operating is that it have an firm 
schedule which is identical i in some controlling feature under all assumed condi- 

tions of water supply . The controlling feature can be reservoir storage, reser- 
voir release, power generation, or another feature. This feature should be | 

% identical for all operations until significant new information on possible inflow v1 


E conditions i is expected. The need for this initia: firm schedule is obvious if the 
consequences are considered of developing a series of operating plans which 
immediately depart in different directions for any of the infinite number of pos- 
re of water supply. Such plans are unsuitable because no dependable 
a course of action is established for any period of time. ‘Thee course of the initial 

a firm phase of — can bust be set by a month- by-month (or shorter — 
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the it can be seen that the a firm 
_ for the initial period only, and that after this initial period the operating plan 
af is a series of plans to be applied under varying conditions rather than a single © 
_ set plan. Also, the course of the initial, firm schedule is controlled by con-— 
sideration of f possible future extremes: rather than of the most probable future 
ow conditions, it will 
‘ generally be desirable to fill a reservoir by the end of the snowmelt runoff season. 
_ At the same time, if maximum inflow conditions should occur, it will be desira- 
ae ble to pass all the water through the power plant. — - These two objectives, re- 
quiring consideration of opposite conditions, are the determining factors in 
i establishing the operational position that will be gained during the initial weedy } 
o of the plan. Thus, the extremes, rather than the most probable occurrences, 
3 are the guide lines of operation, s and it becomes essential to have reliable meth- 
ods of computing the probability Che a 


Operation with 1-in-20 | 
chance (maximum inflow) 
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me In actual ‘operations, the firm schedule i is followed ‘until significant new in- 
formation on water supply, water use, or other controlling elements are avail- 
able. A new plan is then developed which extends the firm schedule bey ond the 
- one previously developed and considers various possibilities of the future. — As p 
the: operations proceed, this process is continually repeated, using the same x _ 
procedures. — This process can best be demonstrated graphically | (Fig. 2). 
In Fig. 2, the element of the operating plan that remains constant for - 
- conditions of inflow i is reservoir storage. In such a } case, the outflow must, of 


q necessity, v vary with different ce conditions of inflow during the initial period. At 


d "plan h has an initial firm schedule through March, and then has limits of storage * 

Mecessary to accommodate the ‘computed probable. range of inflow. At point 
 ~=&B, new inflow forecast information is available which indicates that a revision in z 
plan is desirable. This plan, identified as plan B, has a set schedule extending — 


into May, which then changes to limits of operation to accommodate the proba = 
_ ble range of inflow. The probable range in plan B is the same as in plan Aji in 7 
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a increased forecast accuracy as progresses. The same process is 
repeated in plans Cc and D, until the critical operation time of peak storage ee aq 


a Considerations. —In the foregoing, the various factors to be oni 4 


“would normally be involv ed. hat simplified examples shown are not 
intended to detract from the consideration that must be given to such factors. — 
In certain cases probability curves may | be useful for estimating water-use 

requirements. 4 - Although this possibility should not be | overlooked, care should 
4 taken not to combine water-use requirement probabilities with those of water 
supply in such a way as to compound the probabilities beyond those intended. 

“4 As an example, the combination of a 1- ‘in- maximum water-use requirement 


“< River inflow to Granby Saiervolr (Colorado), and (3) the ‘North 1 Platte Riv er 
inflow to Seminoe Reservoir (Wyoming). Streamflow “estimates, either by 
- measurement at the point of inflow or by correlations with nearby locations, are 
available from 1906 to 1957. The estimates obtained by correlation are 
to be reasonably good, especially the annual totals. « 
: The five-year progressive average inflows to the three reservoirs in the sys- 
4 tem are shown i in Fig. 3. For comparative purposes the flows are plotted as a : 
” percentages ¢ of the historical average flow. These curves reveal definite high * 
and low swings from which it might be feasible some day to determine a cyclic a 
effect as further information is obtained on such potential climatic influences as 
sunspots. — Howeve er, current knowledge i is too limited to allow : prediction on. a 
cyclic basis of even general climatic conditions, 
An inspection of the flows for individual years (not shown in Fig. 3) reveals — 
extreme high and low years have occurred, apparently at random, i in any 
_ of the periods. Thus, any cyclic effect that might be determinable, although 
perhaps indicative of a general level of climatic conditions, would still be of — 
questionable value in predicting the flow for any given year. In addition, trial 
| Raf in on for these streams have revealed no significant influence on the 


runoff in one year on the runoff of the following ‘edi. 


occurrence of flows could best be eatimated considering the entire period 
of record and that probability procedures would be the best method of analysis. 


&s future uences can be depended on = 
is a general level of climatic conditions, it should still be possible to use 
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> _ variability. The following examples were chosen for purposes of demonstrating _ 
a. the use of probability studies of water supply; therefore, they may not empha- 7 q 4 
add 
Hs 
q system that is far beyond the 1-in-20 chance of occurrence. 
Water Supply.—Natural streamflow enters the USBR system de- a 
tae eae _ seribed at seven points. However, the major inflows to the system are (1) the : 
q 
4 is 
q 
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‘STATISTICS FORTRESERVOIRS 


methods to predict variations from. the general level determinable 

A reasonably reliable estimate of each year’s flow, rather than a precisely 

~ accurate figure, is all that is required for a frequency analysis in that — . 


‘curves are waeety drawn through the plotted points. - In liew of a high de- os 


with sSiushainhe reliable, estimated data in order to obtain the benefit of as long 
a hydrologic experience as possible. Although esse Phan can be mis- 7 


. leading if stream flows are estimated for 


140 


~ 
~ 


Granby Reservor 
Green Mountain Reservoir 


———— Seminoe Reservoir 


RCENTAGES 
_ the curve, the use of such curves is believed to be quite satisfactory if a 
~ quencies selected are well within the range of the c curves. This is the case a 
‘The procedure used consisted simply of arranging all annual flows in order y 
of their magnitude, computing their plotting position, plotting on yn probability _ 


a paper, and drawing a smooth curve curve. The location of the plotting — was 


(1) 


in which p is the percentage of the time that a given annual flow hes — ex- 


m denotes the order number, and n is the y years of 


— 

4 
‘> 
q 

— 


4 The: resulting curves for the in inflow to Reservoir, 
= and Green Mountain Reservoir are shown in Fig. 4. They ill illustrate the he per- 
centage of time that given annual inflows at the three locations can be. expected | Y 
a to be exceeded—that ‘is, if the past is considered to be a reasonable ane 
ta Short-Period Water Supply.—Short-period estimates of water supply are are 
typified by the seasonal forecasts of water available from snowmelt. The de- 
of such forecasts is is a abaghy itself and d will not be be 


Green Mountain 


_ standard error of the catenin. from which various degrees of probability can 

_ readily be computed.’ These probabilities are usable in the same manner as) 

“ those selected from the curves in Fig.4. As the snow melt season progresses the 
probable error in the forecast decreases, and the range between given proba- 


bilities also decreases. or example, in 1953, the 9-in-10-chance range (between 


i 5% chance and 95% chance) for inflows to Green Ee Reservoir (April — 
“a ‘through July) varied from the 50% chance as follows 
| 


yal March 1 


April 1 


“Multiple Correlation in Forecasti ting Runoff,” ty Ford, , Baginesring | “Monogr mo 
Nos , Bureau of epoceueed U. 8. Dept. of the Interior, Denver, Colo., pp. 12-13 and p. 17. atest 
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7% 
Operating Plan for Green Mountain Reservoir.— use of probability pro- 
cedures can be demonstrated by the development of a _ simplified, annual 
7 operating plan for Green Mountain Reservoir. For purposes of simplicity it is , 
: ; assumed that all power can be sold at the same power rates. Ibis also assumed 


that certain minimum power generations must be maintained to fit system 


purposes. * Therefore, although it is desirable to fill the reserv oir, some chance 
that the reservoir will not be filled can be taken. — A consideration of these fac- 


TABLE 2.—ANNUAI-OPERATION PLAN FoR GREEN Mountain RESERVOIR 


Maxtuum ConpITIONs Propasie Minimum Conprtions 


Generation, in 10¢ 


4 ot Month 


Inflow, in 
kilowatt-hours 


Outflow, in 10* 
acre-feet 

Storage, in 10* 
acre-feet 

Generation 


September 
October 

Noven:ber 
Decen:ber 

January 

March 
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August: 
Beptember 
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tors indicates the desirability of taking equal chances of failing to fill and of 
= valk Experience has indicated that approximately an 80%-chance range of an- 
nual inflows can be handled with equal chances of failing to fill and of spilling. 
a Therefore, tis rng was selected for the first trial of the operating plan for 


$4000 


(405,000 


Reasonable n minimum. 


s The annual flows were distributed by months on the basis. of the av average his- 
___ torical distribution, and a month-by- month operation study was made, starting 
swith conditions existing at the beginning of the operational year, October = 
The resulting annual operation plan for the reservoir is given in | Table 2. The 
‘different phases of the determined as follows: 


q — 

— 
| 

_ 

— 

; q 

A 

46) 

| 500.0 | 521.9 |+38.1 | 9 

im 

— 

— 
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neh To hold power head as high as possible, the minimum feasible drawdown _ 
4 is desirable during the low-flow winter ' period. b Thus, the reservoir was oper- - 
ated during this period to meet minimum allowable power generations under a7 
‘minimum inflow conditions, as shown in the last four columns of Table 2. ‘This — ; 
> procedure establishes a drawdown schedule that is used for the two other condi- - 
tions of water supply, and is satisfactory even if the water supply should 
during the winter to the reasonable minimum condition, 
er 2. The duration for which the generation under minimum conditions is held — ‘a : 
to the minimum allowable is determined by operations during the snowmelt A 
y op g 
a period to control the reasonable maximum inflows. Operation of the maximum — aan 
condition in reverse (working backward | Lat power-plant capacity from a <i 
r ‘reservoir in J uly) will assure that no power water will be spilled under this con- A 
=> “ dition. Thus, the point at which the two operations meet is the latest date at 4 


which generation can be held to the minimum under minimum | conditions and and a 
4 still be able to } pass 3s all the water through the power plant in event of maximum — : 
- conditions. This point is also the one at which the initial firm schedule, in — 
_ terms of reserv oir storage, begins to deviate to meet later inflow conditions. — ‘ ; 

5 3. After the reservoir is filled in J uly, operations are controlled by cr criteria 


iprigntion requirements, minimum generation, or drawdown to conserve 
generation for July under n minimum conditions is slightly than 
the 5,000,000 kw-hr that is required. This means that a lesser chance is being e 
taken of failing to fill under minimum flows than there is of spilling under = 
maximum conditions. A small adjustment in the flows selected, widening the 
range slightly from the 80%-chance range, and recomputation with the same | 
‘procedure, will modify the operations as necessary to equalize fully the chances 


__ The foregoing operation shows the planned operation for the entire year as ~ 
visualized on October 1. It contains the e required ingredient of a firm schedule 
for all conditions for an initial period (an identical reservoir storage for all con- 
ditions until April _The plan can be if necessary, until that date. 


that on April 1 the forecast for the April-to-July seid; considering snow-water 
content, winter precipitation, and other factors, including the evaluation of hove 


Most probable. .. + 268,000 


Reasonable minimum... = .. 95 + 208, 208,000 


<> 


mates, it is possible to operate with a greater assurance of either filling or avoid- _ ; 
ing spill. | _ Therefore, the broader probability limits shown (from 5% to 95%) _ 
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FOR 


; ~ reservoir storage, which is identical for all types of inflow until May 20. Afirm 
plan of operation is thus assured that can be followed through the development 
of the next inflow forecast, which will be prepared from snow survey and pre- 

i= _The operational schedules in this revision are developed i in the same manner — 
‘’ as in the original annual plan—that is, by working the minimum condition opera- 
tion with minimum power requirements until it meets the maximum condition = 

4 operation, worked in reverse from full reservoir at plant capacity. The ae 


we 

of revising the operating plans can be repeated as often as significant changes in 

TABLE 3.—Operationat PLAN For GREEN Mowwratn Reserv OIR 


iWin” Maxiuum Conpitions | PropaBie Mr INIMUM 
ha od 


Date 


ao) 


7 
7 


2: 
o 


acre-feet 


3 
é 


Outflow, in 1 


Outfio 


4 


3 
& 

os 


= 


a= 


S000" 


aww: 


www: 


° 
owes: 


OND 
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oS 


60.1 | 315.9 | 238.4 |+77.5 


tw 


245.2 | 194.6 |+5 
7 forecasted conditions occur. _ Thus, a revised operating plan can be made after — 
the May 1 and ‘June 1 streamflow forecasts and as often during the rapidly 7 
changing heavy inflow period as changing conditions may require. = =~ 
3 The operations shown in Table 2 and Table 3 were controlled by the mini- 
and maximum conditions selected. ‘These conditions form the | guide 
lines that control the initial firm schedule, and the operation to meet such © 
conditions is obviously satisfactory for the most probable conditions as well. q 
. - This emphasizes the importance of the probability studies, which determine the — 
minimum and maximum inflows in the operational scheduling. | 
Although the scheduling procedures described assure 
piel for the conditions cited, the limits chosen ‘Tepresent only a reasonable range tall 


t, is given in Table = 
4 
: 
il 
4 
4 
| 
& 
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not the full range of possibilities. of outside these limits 
not only possible but should be expected to occur with the frequency in indicated. = 

Enon operating , plans should always be available to meet these conditions 

_ when they occur. The use of probability procedures will yield dividends over 
a long history of operations. _ However, they should not be “oversold” to the 
point of creating an impression that the flows will be positively v within the limits. 

a aie Platte Flood-Control Operation.— —Another valuable application o of the 
“use of statistical methods in evaluating the chances involved occurred in 1952 _ 
on the North Platte River, when high flows of potential flood magnitude were 
considered a , strong possibility . Instructions were received from appropriate 

_ administrative officials that the operational objective should be to prevent, ‘if 
- possible, uncontrolled damaging spills throughout the system and at the same 
time assure that all reservoirs would fill. These instructions were issued, of 
Bi sree? the full knowledge that absolute guarantees could not be given of | 
_ accomplishing both objectives. Such a guarantee was not possible because, in ~ 
order to assure flood-control capability, advance releases to provide flood- = 
control space would be required, which would cause some risk of failing to fill - 
if the actual flow was substantially less than forecasted. " Because there is no 7 
flood-control allocation in the system and, therefore, no formal flood- -control 
regulations, it was understood that the operational chances to be taken should © 
4 be consistent with the primary purposes of the reservoirs and with the benefits = 
x. ‘The situation was ideal for the use of statistical procedures. a The basic — 

7 me: streamflow forecasts w were made in normal fashion, through multiple-correlation 
and included in their derivation a computation of the ome 
chances of missing the forecast by given n amounts. — Three basic types of opera 

& tion studies were made, each using the operational scheduling procedure ar 
ay: 1 A purely conservation operation, in which no me rhiee releases i in excess 
of power-plant capacity were allowed until the two reservoirs involved = 

“d filled. Such an operation indicated that damaging spills would very probably a 

rane 


Operation to assure that reservoir outflows with l-in-5 chance, maximum 


allows would be held to limits. 


oe. The latter operations involved taking some chance of failing to fill both 
reservoirs and consequently of wasting water for both irrigation and power. ag 
Four factors were evaluated to determine the chances being taken of certain ; 
losses” occurring because of ‘operations | under plans 1 and 2. These losses were 
2 firm-energy loss. (b) | dump-energy loss, (c) power-revenue loss, and (d) water 
q ~ Jost to the system (the amount that the re reservoirs fail | to | fill because of advance 
= ur appraisal of the chances that would be taken of i incurring various ee 


Gn excess of the losses in a purely conservation operation), to assure control of 
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the 1-in-5 chance -_" 1-in-20 chance, maximum inflows, i is indicated graphically P.: 
in Fig. 5. ‘The chances are e shown for two ty) pes of seasonal distribution the 


Z tive aa decision to be made on the chances that should be — The re- 
sults indicated that substantial chances would be taken of losing water, energy, 
and power revenues if operations were initiated to assure control of the 1- -in-20 
chance, maximum inflows. Although these chances were less than 50-50, it was. 


that the chances involved in controlling the 1- ~in-20 chance, maximum 
150 
(a) OPERATION TO CONTROL 
J -IN-20 CHANCE, 


ils 


fa 


Of acre-feet 


Amount reservoir 


2 
= 
2 


or? 


in millions of 
kilowatt-hours 


Revenue lost, in 
thousands of dollars 


a5 


Fig. Losses Resuttinec From Given Decrees or FLoop-Contro. 
Protection, Norru Puarre System (USBR,1952) 


“food ‘could not be taken because there is no flood-control allocation and because 7 
- conservation of water has priority of use. On the other hand, it was noted that — 

{ “operation: to assure control of the L-in-5 ¢ chance flood could be i initiated, and 

al that the chances of | any losses “occurring: would exceed 1 in 20 only if 
oy critical distribution of inflow occurred. Other percentage chances could be — 
4g analyzed in the ‘same manner, but it appeared that operation to control the 

4 1-in-5 chance | flood involved about the ‘maximum risk that could be taken of 


losing water. Therefore, based on these calculated risks, a decision was 
‘reached that operations should be geared to assuring control of the 1-in-5 7 


Basile 
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With this decision made, the job of scheduling reservoir operations was: 
x greatly simplified. a As the flood season unfolded, successive forecasts of pro- 
"gressively increasing accuracy were made, which formed the basis on which © 
operation studies could be performed. sing the general principles of schedul- 
_ ing discussed in the foregoing sections, | operating plans were developed — 
in each instance, were aimed at assuring control of the 1-in-5 flood, with maxi- =a 
mum filling in event of low flows. Let bat ative 
Actual operations were performed without mishap. Precipitation during 
4 the snowmelt season was about normal, which contributed toward a high degree a 
accuracy in the streamflow forecasts. ‘All the e reservoirs filled, and releases 


Ort 


[In the case of the Green Mountain Reservoir, economic cates? were 
’ excluded by assuming that all power generated is sold at the same rate. — This 
_ simplification is rarely possible in actual practice. An excellent method of a 
utilizing statistical analysis for economic evaluation has” been presented by 
_ Francis B. Blanchard.‘ He compares the economics of two types of operations _ 
by determining for various flow probabilities the difference i in net revenue be- — 
4 tween the two types of operation. tos The difference is then multiplied by the 
‘4 percentage interval of probability represented for each probability limit for 
which evaluations were made. algebraic sur sum of these products r represents 
probable economic advantage of one plan ov over the other. a Os 
___-- The examples of operational planning cited considered only the dpeention of 
one or two reservoirs and, thus, were further simplified | for of illus 
P trations. | The integration of a number of r 
becomes “much more complex, but the same basic principles be In 
_ such a-system, planning the number of combinations of different conditions that 
can occur becomes almost infinite. The necessity of considering economics also” 
‘ increases the number of operating combinations that should be weighed. _— 

_ Present manual methods of performing operation studies Jimit the sumber ; 
oy of operating combinations that can be be considered, and it is generally necessary _ 
to perform a small number of operations, with the adopted method of operations | 
_ being selected partly by interpolation. The variety of possible combinations — 

: Zz stresses the importance of developing economical, high-speed methods of per- 

forming ‘integrated, system-operation studies. “Such methods are not readily 

available. However, other USBR engineers and statisticians are working on a 
procedures by which such studies may be processed on high-speed electronic 
computers, , and some progress has been made. The methods under development, :. 
if successful, will allow quick processing of repeated operations with simple 
changes in "operating criteria. This: method of ‘processing: will ‘satisfy an al all- 
- important need in operational | planning by allowing a very large ‘number of a 
P studies to be made rapidly at comparatively low cost. The development of 
such methods will allow the ‘optimum potential of probability procedures to be 


were controlled within the desired amounts. wal 


Bye ‘“Operational Economy Through Applied Hydrology,” by Francis B. Blanchard, Proceedings, 24th © 
Annual Meeting of the V/estern Snow Conference, Ore., April, 1 955. 
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inherent in forecasting procedures, form the basis for the development e. 
* operational plans for other USBR reservoirs, in addition to those described. 
For example, the operation of Hoover Dam and Lake Mead Reservoir (both Bs ; 
- in in Arizona and nd Nevada) for flood control is based on protection against ta 
- maximum 1 forecasted inflow of a given probability of occurrence.® 2 The flood- 
control regulations currently in force provide that this maximum forecasted | 
— flow shall be that which (on the average) will not be exceeded 19 times out of 20. 
Forecasting methods, based on multiple correlation and statistical proce- 
dures, are also the basis ‘ur tentative operating agreements for Arrowrock 
_ Reservoir and Anderson Ranch Reservoir (both in Idaho) and for — 
Horse Reservoir (Montana). Similar use of such methods is under « considera- 
tion for a number of other major USBR reservoirs in the west. 


CLUSIONS 
contraued. 
ta ‘Statistical provedures can be very y helpful i in scheduling reservoir operations — a 
, by furnishing an n evaluation of the operational chances that are taken. The a 


techniques are. particularly applicable to the evaluation of water-supply 


Reserv oir operating plans must consider all the potentialities for ‘variation 
i in water supply and must properly evaluate the Lagprrengprcn of extremes — 


the need for p proper r evaluation the of extremes 


nye complete operating plan must have an initial firm schedule which can be 
‘tend until significant new operating information can be anticipated. After — 


_ initial firm schedule, the plan should Tek different courses of a 


for the various possibilities of water supply. 
Adaptation of low-cost, high-speed, for the 


‘processing of operational studies will be an invaluable aid to the Shere ol 


Srobability procedures to be realized. 


| 


ake The work described was performed while the writer ‘served with the ime 
in Loveland. H. R. Brown was in immediate charge of the work performed, - 
and Jesse L. Honnold had technical responsibility for the hydrologic phases 


| §“Use of In°ow Forecasts in Operation of Hoover Dam and Lake Mead for Flood Control,” by 7 
Frantz R. ‘Lupton, Proceedinys, 1eth Annual Meeting of the Western Snow Conference, April, 1950, pp. 
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Gilters are as an efficient ans of 
treatmert for wastes amenable to biological treatment. Among the reasons — 
reducing their usefulness are (a) space requirements, (b) seasonal variations in = 


efficiency, (c) clogging and pooling, (d) limitations on hydraulic and organic 
and ©) on the strength of sewage. 


-‘The treatment field has profited from these investigations. 
s have e been made i in media, circulation, hydraulic flow rates, and methods of 
applying sewage tothe filter, 
7 An entirely new approach to trickling filter design, which has been investi- 
- gated in the laboratory for a year, will be presented herein. ; ‘The r results of 
these investigations show that it was possible, at laboratory scale and under 
controlled conditions, to treat settled domestic sewage at draulic 


‘Tates as high as tnene used for ‘Tapid sand { filtration of water. 


When sewage is ed a stream passing over and throu h 
ge i ug 


7 - gravel beds, the water soon emerges with few of the characteristics of sewage. 
repeatedly exposes the water surface to aeration. The flow of 
sewage through slime-covered gravel and sand removes solids quickly. 
--4 - pending, of course, on how well aerated the water is and how much filtration — 
7 ‘it receives, the water becomes clear and is capable of accepting additional : 7 
sewage. “sf Unless the water is 80 cold that biological growth i is inhibited, the | 


stream bed will reach a biological balance with sufficient organism growth 
of removing substantial organic loads. 


 Norg. —Published, essentially as printed here, in June, 1956, as Proceedings Paper 999. ind Positions - 


and and titles given are those in effect when the paper was 1 approved for for publication in Transactions. = 
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TRICKLING FILTERS 


is the basis for ' the system of filtration proposed here, with the addition - 


controls making possible a design with predictable results. Sewage flow is 
continuous, and points of entry and quantities to be admitted to 
filter are established. Filter space is provided with an adequate amount of — 


oxygen to insure aerobic conditions, and enough filter depth is provided 5 all 
thet conversion of organic materials to the degree of nitrification desired. ao 


temperature of the filter water is n maintained in the summer range of 
‘natural streams. Because oxygen is supplied at all depths of the filter, depth 
limitations become those of economics y Convenience, and desired mes of a 


This process has been ‘controlled fltration,” and the com- 


2. Means for the introduction and distribution of controlled ¢ quantities a 
sewage toeach section of the filter; 109.7 


aad _ 8. Means for the introduction of | controlled quantities of air under each 


ww 


bed 4. Means for maintaining the influent, reaching and passing through the 
‘filter, at approximately the same temperature, preferably more than 15 °C 

__ §, A nonabsorbing filter media sized to some degree of uniformity i inorder 
to provide media surface and ample void space (for example, filter stone size of 
from 13 in. to 3 in.); jjand Pile, wii 
Iti is is desirable te to the vo that can be 
i with settled primary sewage or filter water as it passes through t the 


ConTROLLED FILTRATION INVESTIGATIONS jer 


on ‘Salada Filter Unit.—A diagram of the proposed filter i is shown in Fig. 1. 


The laboratory unit was installed with metered control of settled domestic — P= 
- sewage taken from a sewer in the Bronx, New York (N. Y.), adjacent to the 

Lewis Van Carpenter Sanitary Engineering Laboratory.of the College of | 

Engineering at New York University (N. The total flow was 


other than the e top of the filter was through } 


the proportion of air flow to the several sections. Lay 
‘The filter, constructed as a special structure in the laboratory, was com-— 

posed of six 3-ft sections of transite pipe with an inside diameter of 12 in, * 

4 mounted separately on base plates, thus supporting each section n separately. — 
} Each filter section was connected to the base plate with a transite collar drilled 
to ‘Provide’ inlet, outlet, » and air r connection on each collar. The collars were 
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TRICKLING FILTERS 
te is; sealed to prevent pecans of filter air. Each filter section was filled with from 
<a -in. to 3-in. filter stone. The bottom section was trapped with a water seal 
cae: prevent the escape of filter air, thus sealing the fiber except at the top. __ —_— 
< Laboratory Studies. .—During the initial ripening period, the hydraulic 
plication rate to the top section was 40 million gal per acre per day (2.2 million 7 
gal per acre-ft per day). A series of six runs, each lasting from two weeks to — 
one month, was conducted with top feeding only in an effort to determine the oF | 
‘Maximum hydraulic loading. and the limiting organic loading with top feeding. . 


toned 


io voila A. 4 


ital sot . 


jo 


4) 


ty 


Te 


In this series, during which the hydraulic loading was carried up to 119.9 a 
_ million gal per acre per day (6.6 million gal per acre-ft per day) and the organic _ 
_ loading was 4,150 lb per acre-ft per day (1.71 lb per sq ft per day), no measur-— > 
able defection of the filter was noted. The sixth run at the highest rate gave 
4 the best effluent results, with a filter efficiency of 89.1% and an effluent con- 
taining 68 Ib of biochemical l oxygen demand (B.0.D.) per million ms or r 8. “a 
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onan ‘Two runs of two weeks wae were conducted with feeding on the top of the - 
second | section and into the beginning of the second section. The hydraulic 
o loading was accelerated to 175.8 million gal per acre per day with an organic 4 
—oading of of 4,430 lb per acre-ft per day (1.72 lb per sq ft per day) in run oS 
"The avera yerage filter efficiency was 86.2% with 59 lb of B.O.D. per + million gal in 
_-_Runs 9 and 10 Were conducted over a 28-day period ¥ with application to the © tg 
a three sections. The hydraulic loading for run 10 was 199.8 million gal ao 
~iper acre per day with an organic loading of 6,900 lb per acre-ft per day (2.56 lb 

.- sq ft per day). . The filter efficiency was 80.8% with 107 lb of B.O.D. per - 
~ million | gal remaining i in the filter effluent. It is noted here that the filter was 
lates of flow for periods of from 1 hr to 3 hr during these runs. "The 
deleterious effects of intermittent flow were easily observed. Filter sloughing © 

always followed a resumption of flow. However, within an or so sloughing 
eased and high-qualit, effluent was obtained. __ 


1 ances run was made in order to observe whether top feeding only, under the 7 
ss game general conditions, with interrupted flow and application rates of 199.7 . 


million gal per acre per day, materially affected the filter efficiency. Run 11, 
at an organic loading of 6,830 lb per acre-ft per day (2.8 lb per sq ft per day) - 
had an average efficiency of 75.9% with 10 days of feeding; 148 lb of B.O. D. 
per million gal remained in the effluent. 


‘The or of sewage was increased in runs 12 and 13. In run 12, which 


7 a acre-foot per day, divided by the hydraulic flow rate, in million gallons “i 
7 per acre-foot per day) above 1,300 lb of B.O.D. per million gal. During the — 
: last 8 days of this run, the « organic loading averaged 8,560 Ib} per acre-ft per day 
: 3. 03 Ib per sq ft per day), and the flow was maintained at 95.88 million gal 
= acre per day. ne The filter efficiency was 84.1% with 219 lb of  B.0.D. Ars per 
million gal (26.2 ppm) 1 remaining in the effluent. The over-all average effi- ; 
_ ciency for this run was 77.3% at a loading of 8,290 Ib per acre-ft perday. 
ri An effort was made to force a filt filter breakdown by i increasing the i 
= loading to 119.9 million gt gal per acre. per r day with an organic loading of 13 820 
tb per aod per day. After the third day, the filter began to recover from 
the shock, and on on the sixth day the efficiency was 88.1% with a loading —_ 
11,000 Ib per acre-ft per. day. On the second day, with a loading « of 20 200 

Ib per acre-ft per day, the efficiency was 73.5%. On the third day, witha 

| loading ¢ of 15,000 Ib per acre-ft per | day, the efficiency dropped to 57. 8%, the 

_ lowest percentage recorded in the year of study. The ‘average efficiency for 

4 this short run was 74.1% with 480 lb of B.O.D. per million gal remaining in the — 

4 effluent. On the basis of comparisons of the filter behavior in the several runs, 
there was no reason to believe that the recovery did not represent filter biota 
adjustment with the same 4 high efficiency of removal es- 

‘Table 1 the inv: stations, and ‘Table 2 shows the maximum, 
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Observations of the sectional ¢ efficiency of the filter were made periodically 
by extracting. samples of liquid and of filter growth from each section. _ These 


bottom. _ Studies o of the slime were lir limited to microscopic ex examination, but, 


‘TABLE 2.—Rance or Appuiep B.O.D. tol bow nities 


Observation with 


or more, in 
percentage 


Maximum ini Maximum | . Minimum 


to meet changes i in | 


q the organism response under top loading and 3-ft-section loading conditions. _ 

_ _ Dissolved oxygen measurements on liquid taken sectionally showed quite — 

_ conelusiv ely the effectiveness of air admission to the sections. _ Aswasexpected, 

the oxygen content was low at the top of the filter where the demand i is greatest © 
and increased progressively as the filter water flowed downward. effluent 
contained oxygen (of from 3. ppm to 5.9 ppm) at all times. Table 4 
the profile observations on oxygen content for the attends an a OPS 
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= 12 = 2, and run 13 = 1.7. Runs 9 through 13 were made with interrupted feeding. at viele eS 


- Profiles of B.O.D. mannii are demonstrated in Table 5, showing sectional — 
fficieney under the several conditions of loading. The first section removed 
_ from 21% to » 70% of the applied lo load. The significance | of sectional removal 7 
characteristics will be examined more fully subsequently. | 
se pH-factor was checked on all profiles. When the applied sewage had a 
_ ~pH- -factor of more than 7.0, there was only minor change through th the —_ 
_ to7.20r7.3. When the applied w: wast -vas acid, the upward change was more 
- pronounced—that is, + 0.5 or more. During these studies, the pH of the 
sewage normally remained een 6.9 and 7.2. With mil milk waste added, the 
Nitrites and nitrates were at At 40 million acre 
_ per day, nitrates of 4.8 ppm were measured. — At higher rates, the nitrates were >, - 
never more than 1.0 ppm and were » usually present at a trace only. Nitrites 
_ were found in all samples analyzed and were approximately 0.5 ppm during 
6 and 0. 05 ppm during run 10. ‘There were too few nitrogen determinations 
Because over-all primary interest, routine tests of relative 
stability were made. In runs 2 through 8 the oxygen reserves from dissolved , 
.- gen and nitrogen compound sources were ample to maintain relative — 
: _ stabilities of 60% or more, with the majority of all observations being more o 
than 80%. Of 92 observations 3 made over a span of 124 days, 45% showed — 
a relative stability of 20 days or more (99%). It was noted that interrupted © 7 
feeding and and three-section feeding caused a in stability. For example, 
during run w the relative stability ranged from 21% to 78% (from 1 day to _ 7 
(Bet Settleable solids in the filter effluent : were measured routinely in an Imhoff i 
cone. Although there were, of course, day- -to-day \ variations, the solids dis- ef 
position was reasonably uniform without pronounced sloughing. Averages 
for each Tun are ‘shown in Table For runs 1 through the minimum ob- 


served was 0.3 mi, and the was 13.6 ml. ‘After the interruption 
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Application to Wa 
_ (119.9 million gal per acre per day) 


Zooglea moderate 
Stalked ciliates moderate 


Rotifers numerous 
Flagellates few jE 

Filamentous bacteria few 

‘Branched filaments moderate 
§lime fairly active = 

Zooglea moderate 

Stalked ciliates i. 

Free swimming ciliates 

Flagellates moderate 


Sample ofslime | 


Rotifers moderate 
Filamentous moderate 


at 
Slime very active 


Zooglea moderate 
Stalked ciliates very numerous 
Free swiniming ciliates | moderate 
_ Rotifers numerous 
Filamentous bacteriafew 
Branched filaments numerous 


of section 4 


 Zoogiea moderate 


Free swimming ciliates numerous 
Rotifers numerous 

bacteria few 

Slime very active nase 


moderate 
Stal ed ciliates very numerous 
Free swimming ciliates few 
|  Rotifers numerous 
Filamentous bacteria few 
Worms few J 
Insects (8 legged) 
Top section 6 Zooglea moderate 
Free swimming lates m arate 
ital & Ks Rotifers numerous 


—Mrcroscoric EXAMINATION OF FILTER SLIME 


Application to sections 1, 2, and 
™ (Total rate of 95.88 million gal 
peraereperday) 


Free swimming occasions 


Worms occasional 
Branched filaments 
Much debris—dead sludge 

| 
Zooglea moderate 

Stalked ciliates few (small) 

Free swimming ciliates very few 
Flagellates few 
Branched filaments moderate 


Worms rare | 
es 


Organisms not very active 
Stalked ciliates 
Branched filaments very numerous 
Slime not very active 


lime very active o 


Stalked ciliates numerous __ 
Free swimming ciliates very few 
Rotifers very few r 
Branched filaments numerous _ 
_ Stalked ciliates very numerous 
Free swimming ciliates very few 
Branched filaments numerous 
Organisms active 
Zooglea numerous 
Stalked ciliates ciliate numero 
ree swimming ciliates few OT 579 ~~ 
few 
Branched filaments 6 aus 
— 


Slime very active 
Effluent sludge | Zooglea moderate — 
elintes numerous 


of filter flow during r runs 9 through 12, 


Stalked ciliates moderate 
_ Free swimming ciliates moderate 


4: 


, the. immediate slough measured 


- much as 40 ml, but the liquor cleared rapidly to a range of between 0.2 ml 


and 12.8 ml, as measured in routine sampling. 
Present Filtration Practice and Results. 


—“The Tentative Standards 


( Sewage Works” established by the Upper Mississippi River Board of Public — 


: Health Engineers and the Great Lakes Board of Public Health Engineers have _ 
_ set limits on the loading for standard trickling filters of 15 lb per 1,000 cu = 
(653.4 Ib 4 Ib per act acre-ft At that the Standards curves og 
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a range of B.O.D. 86% to. 77% the 
latitude. A general limitation is placed on | hydraulic loading, 80 that the — 


is less than 4 4 million 1 gal per acre per day. Mio 


TABLE 4, 4.— AVERAGE PROFILES OF 


Section - - 


0.2 

ous 2 sont 

tnd 


to Bis 5 
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When recirculation or high-rate filtration is im) 
- are 30 lb per 1,000 cu ft (1,310 lb per acre-ft per day) and from 10 million to 


ce 30 million gal per acre per day. Up to 4,800 lb per acre-ft per day of applied — 


load (including recirculation) is considered when : a B.O.D. of 30 ppm or more 
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> 00 | 00 | 00 
0.0 | 01 0.0 
| o1 | o3 
| | 54 | 45 | 46 | 54 | 54 | 53 | 59 | 33 36) 31) 30 
Effluent 54 | 5.2 4.7 5.3 5.5 5.9 3.2 | 3.5 3.4 
ai 
a 
= q 42 50.6 | 52.4 | 21.0 | 533] 59.3] 705 | 49.6] 42.2 | 40.4 | 86.5 | 37.5 _ “> a 
; | 34.0 | 332 | 33.1 | 47.9) 32.1) 448 | 56.5] 574 | 27.1 | 389 | 337 
7 114 | 263 | 520 | 141| 497 | 503 | 24.2 | 24.0 | 297/259 
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‘TMOKLING FILTERS 


filter depths at from 5 ft to 7 ft 

4 . ‘The National Research Council (W ashington, D. C.) conducted an ge 

q haustive study of trickling filter performance and reported? a mathematical _ 
formula for for computing the efficiency of filters with secondary al and intermediate 


C.J. Velz,? M. ASCE, | presents a theory applicable: to biologic beds v which 


= a fee the. rate rate of ex eiaia of organic material per interval of depth ot 
biological bed is proportionai to the of organic 


matter measured in terms 0 of its removability.” tas |. 
<_ fs Velz further suggests that 1 Ib of B. O. D. per sq r per day at a temperature q 
ts near 30° C is approximately the limit of loading, and additionally s states that 
* the removable fraction L ona be expected to decrease as the rate 
Renville S. Rankin,‘ M. ASCE, in reviewing the work cited previously and 
- apply’ ing the methods of evaluation to additional filter data, concludes that | 
E< * dosing rate, loading of the filter, | or depth of filter have no significant © 


- effect within the ra range e of values covered by the data.” However, he indicates — 


the ratio of recirculation is important. 
Imhoff, * . ASCE, that filters can a be loaded 


of 0%. depth of the was considered essential. The 
ns plant was 8 m deep, and the hydraulic loading w was was approximately — P 
4 times the loading of the usual high-rate filte ee . 
One of the largest-scale operations with an enclosed aerated filter is the 
¥ - installation at a sewage plant in Glasgow (Scotland). A. Hunter and T.— 
_ Cockburn,* and W. M. Cameron and A. R. Jamieson’ describe in detail their 
experience with this filter, v which is termed an “encased activated biological | 
filter.” It is fti in diameter with 18 ft of filtering material, It was designed 


or 0.751 million gal px per r acre-ft per r day. a 


During the years, 1938 to 1942, chemically precipitated sewage 
- mately , 137- ppm B. 0.D.) was applied with removal ranging from 57% to 94% 
for the various test conditions. - Maximum air supply w was 5,000 cu ft per min 
ee wearer at the top of the filter. A comparison ‘made with open filters — 


ae “Sewage Treatment at Military Installations: Report of Sub-committee on Sewage Treatment in 
_ Military Installations of the Committee or on ‘Sanitary Engineering, National Research Council,”” Sewage 
Works Journd, Vol. 18, 1946, p. 794. 
= “A Basie Law for the Performance of Biological Beds,” by C. J. Velz, Sewage Works Journal, Vol. 
‘“Evaluation of the Performance of Biofiltration by Renville 8. Rankin, Transactions, 
High Should a Trickling Filter Be,” by K. Imhoff. Ingenieur, Vol. 74, 1953, p. 41 ; 
> Rag **“Operation of an Enclosed Filter at Dalmarnock Sewage Works,” by A. Hunter and T. Cockburn, d 
Journal and Proceedings, Inst. of Sewage Purification, London, 1944, p. 12. 
Purther Operation of an Enclosed Filter at Dalmarnock Sewage Works,” by W Ww. M. Cameron and 
A. presented at a of the Scottish Branch, Inst. of Sewage Purification, Lo 
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per acre perday). An example is cited of an experimental plant at Markleeberg 
; oo _ (near Leipzig, Germany), in which surface loadings of 4.8 m per hr (15.7 ft _ 
4 q 
a = 


: indicated th that the | enclosed filter treated twice the volume of of waste with an 
The later studies’ by Messrs. ‘Cameron and Jamieson offer additional data on 
organic loading. — Application | ranged from 163 lb per acre-ft per day-to 1,266 a 
Ib per r acre-ft per day with removal of more than 80%. Hydraulic « dosage was ia 
brought to 12.12 million imperial gal per acre per day (14.54 million gal per 
acre per day) during the last year of ‘the records. 4 The surface loading at at that 
time was between 0.287 Ib | per sq ft per day and 0.531 per | sq q ft per r day. _—— 7 
_ These two studies emphasize a number of important characteristics. _ -Pond- a 
ing was a problem at the flow r rates cited i in the preceding paragraph. . The 
: bottom half of the bed did not perform much biochemical work but did act as 
refuge for retention of filter-water temperatures was an 
important | influence. 
E. H. Arnold,* ‘in studying the effects of low. temperatures in in 
filters, compares open and enclosed filter performances at February and June 


Winter temperatures of and open filter effluent were 


verage of all runs A 


& 


ory 


BOD removal, in % ip 


National Research Council pid 


he 


Applied load (800), i in thousands ot pounds | per acre- foot per day 


Mia. 2.—Fin 

43.6° and 36.6° F; corresponding summer temperatures were 66.5 5° F and 

67.1 °F. It was observed that the efficiency of an open filter was only a little — 
lessened under severe winter conditions and was higher during warm weather. eS 
BB _ Gerber? shows that several variables of design ‘and loading 1 ‘must be 

considered | in combination. He suggests the use of a dimensionless product 


as a basis for design by plotting the ratio of the B.O.D. of the effluent to the = 


= 


-_ applied B.O.D., (B.O.D.)p/B.O.D., against the filter aerial loading, H, in feet iy 
"er day, divided by the depth, D, times a constant, K,, in units of 1/day, 
_=#A/(D K,). = A linear curve having a slope of 0.051 was derived for Baltimore 7 
— (Md.) filter influent of from 120 ppm to 140 ppm of B.O.D. The value, ; 
0.2 at 20° was assumed for these computations. variation in 
SIGNIFICANT CHARACTERISTICS OF CONTROLLED 


es controlled filter is capable of handling extremely high hydraulic and o mee 
organic loads by comparison with present practice. Assuming that the Na- 


“Effects of Low Temperatures on Trickling Operations,” by E. H. Arnold, Public Works, 
October, 1946, p. 49. 


New Concept in Trickling Filter Design,” Gerber, Sewage and Industral Waster, Vol. 26, 
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tional Research Council efficiency curve applies at the organic loading rates 
used, an efficiency o of 65% could be expected at a loading of 4, 000 Ib per ¢ acre-ft 
’ per r day. é It will be. observed from Table 1 that in | runs 5 and 6, efficiencies of _ 


‘per day. _ Fig. 2 shows filter re for the several conditions of loading, 


\|Thousand| Million pounds per aw. 
| pounds per| Parts per percentage gallons per | million | percentage 
acre-foot | million acre-foot | gallons — 


1074 | BO. 63 | 806 


= 


together with the National Research Council curve. Regardless of loading, 
a filter efficiencies obtained were well above the efficiency shown by the 
National Research Councileurve, ‘eter 
Table 7 is an analysis of first-section loading. Performance of the first 
section is comparable to the performance expected, according to the National - 
ts Research Council formula.* Average efficiency for the first six runs was 46. 5% 4 
at an average loading of 18,350 Ib per acre-ft per day for a 3-ft depth. _ The 1 
«average removal for to the first section thirteen runs Was 


da 


Applied load (BOD), in thousands of pounds per acre-foot per day 


‘Fro. 3.—Fuurer Errictenctes ror 


with an average loading o of 23,490 Ib per acre- ft per pil ‘The National 
_ Research Council efficiency at 18,000 lb per acre-ft per er day would be 46. 7%; } 
at 24,000, the efficiency w ould be 43.2% (Fig. 3). 
_ An attempt was made to reconcile the performance of the sectional filter 7 
with the theory advanced i by Mr. . Velz. $ There w were a number of considera- — 
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tions which this almost le 
= was not at a logarithmic rate. ota, ee approximate r: rate-of-removal line 
could be selected only by choosing straight lines connecting the removal values aa y 
of B.O.D. at the beginning and at some depth. 
‘The theoretical, total removable B.O. D., varied for the several ‘Tuns, 
suggesting strongly that the amount of removable B.O.D. may 
95% or more. Removals were determined for each of runs 1 through 6, 
assuming that the B. .0.D. of the effluent was entirely nonremovable. The rs 
value of L, therefore, va varied from 0.794 to 0.949. _ ‘Three reasonably straight 
lines were then Plotted through the average points of the B.O.D. remaining ae 
(in percentage). - The first break occurred at the bottom of section 3 3 and the a 
second at the bottom of section 5, with the approximate k-value for the first ; 
three sections being 0.096 and for the first five sections, 0.111; the k-value is » 
' the | logarithmic ic rate of B. 0.D.e extraction. . It t should be clone that each section 
ia Values of k were also on the assumption that 95% of the B.O.D. 
applied during all runs was removable (Fig. 4). The value of k approximated 
- for each line connecting beginning and depth points varied from 0.044 in run 
2 to 0.098 in run 6, with the average k-value for all runs equal to 0.065. If it — 
could be assumed that all the O.D. was removable, 


90.0% and 78. 4%, Thek for ‘the first section runs2, 
3, 5, and 6 closely approximated the k-value of Mr. Velz for high-rate filters. — 
The value of L, therefore, without some fundamental difference in filter per-— 
& formance below the first section, should have been 0.784 for those runs. bg Itis 
to be noted that the foregoing performance occurred at hydraulic loading rates 
- of 55. 9, 71.9, 103.9, and 119.9 million gal per acre per day, with corresponding 
organic loadings of 1.22, 1.75, 1.68, and 1.71 lb per sq ft per day. Filter liquor | 


4 during three runs was approximately 23° C and during the fourth, approximately 

ee The performance of the ‘a section is that which might be anticipated — 
: according to the theory "proposed by Mr. Velz. However, organic loadings “9 
during these runs were well above the suggested upper limit of 1 lb per sq a 


conditions, the removable fraction should have the reverse 
= , was apparently 1 true because the total efficiency of filter removal increased for 
an The controlled filter was operated for the first six runs as a single ae ae at 
1 filter, with all waste being applied to the top of the filter. According to 
Tentative Standards for single stage filters, maximum dosage should be less — ; 
than 4 million gal per acre per day with less than ¢ 653.4 ‘Ib per acre oft per day of — 
- B. O.D. Run 6 was dosed at 20 times this rate hydraulically and 6.4 times Pies 
(average) organically at a temperature of + 20° C. Run 11 was dosed oe 


__ hydraulically at more than 33 times: = rate and was. dosed organically at 10.4 hu 


— 

es 
— 
of — 
— 
— 
— 
— 
— 
— 

— 

— 

— 
— 

— i 
— 

computed by Mr. Velz for low-rate filters was 0.175 and for hig 
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times the rate. ‘The average removal efficiency for all runs was, for practical : 
Purposes, within the limit allowed by curve C of the Tentative Standards ‘2 
which permits 23% of the B.O.D. to remain in the settled effluent. 


ENG 


? 


Fis. Remwovat Rares ow AND 


efficiency of run 3 was better than curve BD 
oe 
"Sectional application to two sections 7 had of in- 
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TRICKLING FILTERS 
removal higher than curve Total surface loading 39.5 times 
rdraulically an and 8 times the ) of filter during 
_ Loadings in run 8 aver- 


with an efficiency 


-* .. sacrifice of efficiency. Run 10, with a total averaged loading of 199. 9 
million gal per acre per day and 2.56 lb per sq ft per day (49. 8 times and 10.6 
the standard filter loadings), maintained a removal efficiency « of 
‘Stronger wastes were used during run 12. After allowing the filter time to 
olen. the loadings a averaged 95.9 million 1 gal per acre per day and 3.03 lb” 
_ per sq ft per day, or 24 times and 13.1 times the standard gis er loading " are- 


PABLE 8.—AVERAGE OF Five 


BOD. Dissolved  Flow,in | Organi J BOD. 
Filter section ection parts per 


million million 


{Top 155.40 51.94 


oxygen, in million gallons loading, in 
removed, in 
‘parts per ‘per acre pounds per 
| per day acre per day pereentage 


1188 
72.6 
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8S 
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34.08) 
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on 
on 


verage efficiency = 80.4% 


%. The maximum aeeeiin loading was obtained during — 
g 
as the others, but there was every indication that the filter was ame of ~ a 7 
& justment to a loading averaging 5 lb per sq ft per day and reaching 7.5 lb per 
ft per | day during the run. On the fifth day of the run, with a loading of 4.1 Ib 
per sq ft per r day (16.1 times the standard filter), the efficiency was 88. 1%. : o 


- Table 8 gives sectional information obtained from five profiles of the filter 


brief comparison of controlled-filtration performance with the performance 


high-rate filters illustrates that both hydraulic and organic loadings 
| higher on the controlled filter with a correspondingly higher B. 0. D.- removal. 4 
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, regardless of loading condi- 
The minimum hydraulic — 


TRICKLING FILTERS 

leading was twice, and at maximum 10 times, that of the Semesion ay 


Organic loadings began at 1.5 times the standard and reached 10.5 times the 


It is obvious that limitations now applied to the design of tHokling filters er 
“need to be revised for to controlled filtration. When 
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dd, in millions of gallons 


p 
Wer 


a 
raulic load, in millions of gallons per acre per day 


di i. ' to; Top fa aad depth, in feet Bottom and 
effluent 


sew ads (19019 inghaote alt xomis 1.01) pe 
patty Fia. 5.—Srcrion aL Arruicarion oF (Avenses oF Paormna) ad 
_ becomes possible. — _ Depth can be increased by adding additional, independently 3 
et supported sections. Loading can be controlled by sectional feeding. othe: 
indication of filter breakdown was experienced during the period of 
observations. Therefore, the upper limits, for both rdraulic and organic 


4 loading have ‘not been established by these studies, Filter sizing and area 
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Por 
TRICKLING FILTERS 
zing sections following feeding sections allow” control. of effluent 
_ The data suggest that at least 9 ft of depth be provided for stabi- Pr, 
 Well-oxygenated effluent can n be obtained with the method of air application 
Ac the development of excessive filter back pressure. At a high con- — 
tinuing flow there is no problem of filter pooling or clogging. The slime layer 7 
i on filter media is thin and active and appears to adjust readily to the conditions a 
of feed. _ When filter liquor temperatures are between 16° C and 25° C, 
organism growth appears prolific and seems to be more affected by loading + 
conditions than by minor temperature changes. — Future study should be 
given to well- organized investigations of organism functions in a 


filter "purification. appeared that the maintenance: of reasonable warmth 


= Short-ciroulting 1 in a filter of the depths used, or ‘scant is a ‘minor con- 
: sideration. | Downward liquid flow with counter-current air flow assures an a 

intimate contact of _oxygen-bearing air filter water. Eventually, the 
aerated water will pass over filter media surfaces, and aerobic growth conditions = 
are possible at all depths. Such conditions were established within 3 ft of the 4 Oh 

_ lowest sewage application point in all runs. By distributing approximately — 
50% of the total air flow to the bottom of the sections receiving sewage and by — a 
‘ distributing the remainder to the bottoms of the remaining sections, a satis- 


to determination and plant adjustment to meet the demands 
7 of the sewage. The experimental work showed that a total air flow of ap- = 
7 ‘proximately 1 cu ft per gal of sewage is adequate | for treating settled domestic © i: 
_ sewage containing as much as 200 ppm of B.O.D. It is possible that less air ae 


suffice. Iti is in controlled filtration that the filter aii air intake 


lon The experimental work described in the foregoing indicates that secondary 
- treatment using controlled filtration could be accomplished with an average __ 
O.D.-removal of not less than 74% under the conditions: 


Maximum hydraulic flow 1 rate (volumetric), of 12.4 million ‘gal pe 


Maximum hydraulic rate (surface), ‘A, of 200 million gal per acre 
3. ‘Maximum o organic c loading rate (volumetric), Lz, of 13,800 Ib per racre-ft : 
ce), B., of 222,000 Tb 
rate (surface), B of 


850 ib per milion gal; 
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___for filter_biota. Such temperatures can_be maintained practicably by en-_ 
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of organic to hydraulic loadings (volumetric) of ee oe 


qRICKIANG FILTERS 


= P 6. uae air supply ‘not exceeding 2 cu ft per gal of filter influent for extreme r 


: a organic loadings, or approximately 1 cu ft per gal for r influents containing fr from 
50 ppm to 130 ppm of B.O.D.; 
7. Temperature of the filter. water between 17° C and 25° C; 
om 8. Sectional application of settled ttled sewage to to one, two, or three e sectiol as Fd a 
9. Sectional application of air, ul: ef aibom no 


7. Although the foregoing loading r rates are not believed ‘to be limiting, values — 
yet demonstrated should not be assumed for design purposes. Allow wance 
- should also be made for differences between laboratory and plant operating © ¥ 
4 control. following design ranges are suggested on the assumption 


the principles of controlled filtration are to be used: oct 


(a) Ly equal to from 4 to 12.4 nillion gal per acre-ft per day; ici stl qt 

cn (6) H, equal to from 72 to 200 million gal per acre p per day; J red te wusot 

; ee 2) Lz equal to from 4,000 to 7,000 lb per acre-ft per day on the first section 
12,000 Ib per acre-ft per day total; 
a  @ B, ‘equal to from 43,000 to 120,000 Ib per acre per day on the first 
section—200,000 Ib per acre perday total; 
@D (depth) equal to from 18 ft to 24 ft of filled section ; 1 je ohisnog wa 
a Rt (filter loading ratio) e equal to from 500 to 1 ,800 Ib per million gal; ;and- 
me wh. (g) Sectional distribution, B,, in percentage of total surface load, as follows: — 


va Three-section a application. . up to30 up ‘to 15 4 
Obviously, within the ranges stated there is great flexibility in design, useful 
- in meeting the physical and topographical limitations of plant site and varia- a 
- tions i in plant daily flow and in sewage strength. _ For example, a part of the | Me 
filter liquor may be returned to increase the flow and decrease the B.O.D. of © 
- the influent, or the flow may be maintained on the top section and variable a 
_ flow added to the next section or next two sections during periods of peak flow. — . 
[Ulustrative Ezample. —A sample design illustrates (a2) a number of points of 
a — and (b) the use of the filter-loading ratio as a basic design tool. 
Assume that : a controlled filter is to be designed for an average flow of 1 million 
> ‘4 gal per day; sana average B.O.D. of se’ sewage ge of 200 ppm; sa primary- -tank removal 
of 35% of the applied B.O.D.; an allowable effluent organic load of 250 lb per 
million gal; and a filter ‘depth of 18 ft, ‘required by topography ar and 
After a primary removal of 35%, the B.O.D. of the filter influent will be : 
a, 130 ppm, or 1,085 Ib per million gal. To reduce the B.O.D. to 250 Ib 7 
million gal requires a filter efficiency of 77%. Conservative loading rates for — _ 
average flow should be chosen. — The filter will be designed for application of 
a average daily flow to the top of the filter. _ Peak flows (assumed as 180% of 
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lt The filter-loading ratio, R1, is 1,085 lb per million gal and is equal to - 


if Le (on the first section) is ‘assumed equal to 6,000 Ib per acre-ft 
_ ~per day, 1, 085 = 6,000/Ly, giving Lq = 5.53 million gal per acre-ft per day o or 

A, (on the first section) = 99.54 million gal per acre per day. _ Therefore, the — 7 
“filter a area required i is 0.0108 acres, or 470 sq ft. A filter, 25 ft in in diameter, + 


A filter, 25 ft in diameter and 8 ft deep, is tried. flow Rosia 


BY hae A,, in million gallons per ‘acre pel day 
15.93 
vob 


Bs, in percentage day acre-foot per day 
Pile 


he 
te. check the con condition | of minimum flow on the first section, assume a flow : 
oS is 70% of the average daily flow, or 0.7 million gal per day. For this flow, © 
61.94 million gal per acre per day, B, = 67,200 lb per acre per day, and S 
4 Lg = 3,730 lb per acre-ft per day. A check of the condition of average flow 
(1.0 ‘million gal per day) on the first section yields H, = 88.5 million gal per 
ag acre per day, B, = 96,400 lb per acre per day, and Lg = 5,350 lb per acre-ft a 
per r day. ‘Thus, the filter, the sizing, and the loading conditions are co! com- 
patible with the suggested criteria, except at minimum flow. This deficiency — 
‘not serious enough to cause concern, and the design is adequate. 
standard filter, 6 ft deep, to meet approximately ‘the same removal 
requirements of would require times the area and 


ConcLusions 


tion of filtration principles meskes possible the functional 
a hme filters, which are ‘greatly 1 reduced i in filter area and volume. ef Such 
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filters are e capable of effluents of quality « or than the 


a or ata was found. depth ‘of the e filter, the sectional a 
the sectional application of both sewage and air, and the filter-water tem- : 
- perature > have a bearing on successful treatment at high rates and on ‘the a 
provision n of a favorable habitat for sewage biota. 10) 
It is essential that continuous flow be maintained to obtain the higher rates ‘Si | 
of organic removal. Continuous and constant flow combined produce the 
The filter-loading ratio, Rx, , provides a simple basis for computing the r i 
filter ‘size. It is the sewage strength expressed in terms involving depth of 
filter, an area of filter, quantity of sewage, and weight of B.O.D. 


i issclastin was performed as part of the research program of the 


Research Division of the College of Engineering at New York _ University. _ 
John Bevan monitored the equipment, and Gail P. Edwards examined the» 


perlormance or controtied fiters is comparable With the p 4 
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AMERICAN SOCIETY OF 


BY MAson G. Lockwoop,! PRESIDENT, > 


Speed has reflective thought: very nearly out of our this 
age, pure thinking is an almost complete casualty—as much so as walking or __ 
_ reading good literature. 2 ‘The newer influences tend to reject or to obviate or a 
"@ to depreciate contemplation. ™ We have done little to resist the currents w which — 
_ have swept us along the path of diminishing individual thought. = 
ee the request of of President Dwight | D. Eisenhower, t the White House staff 
some time ago rearranged the Chief Executive's schedule to allow him to devote = 
part of each day to thinking. The President had complained that the exigen-— 
z cies of his daily schedule allow ed him no time to wrestle alone with the prob- 
lems of his administration and to form conclusions an and reach decisions before a 


Few responsibilities undertaken by man impose demands 80 terribly crush- | 7 
ing as those of the office of the President of the United States in these times; 4 
_ but, today, nearly everyone with business or professional responsibilities of any _ 


a significance finds himself faced with the necessity of getting along 


to This situation gets worse for the ordinary man year by year, just as it has a 
for 


our presidents. 4 Contrast President Eisenhower's problem now with cir- 

cumstances prevailing before the turn of the century—or, for that matter, a ny- “an 

_ time prior to the last generation. A striking illustration of this is to be found a ‘ 
a in one of the “Executive Mansion Rules” brought to light i Walter Trehan 


the 1888 Congressional Directory. 


"Those having no business, but who desire to pay their respects, will — a 
envi be received by the President in the East. Room at 1 o'clock P.M. on Mon- — 


According to Newsweek, Sarah Gibson | Blanding, President of Vassar Col- 
lege, observed not long ago that when a college president _ 
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* has accomplished each s work, is any time for 
academia or getting to know the students—presidential disciplines that 
the indispensable for the job a a generation ago 


"There would be adequate cause for individual concern if only highly rset 4 


: F best; but lack of thinking time is not merely an occupational disease of presi- 
dents. It strikes at all levels. In the world of engineering, circumstances no 
longer permit enough time for thinking. This is true of most designers, design 
draftsmen, construction engineers, specification writers, | report writers, sales 
engineers, engineering educators, estimators, consulting engineers, supervisors, | 
and engineering administrators. Generally, to be sure, the need for “more : 
_ ie all current communications s media, the major emphasis is on appeal to ‘a 
- mass emotion. Little is intended to stimulate individual thinking. We must 


conclude, therefore, that there is not enough of mass demand for ‘thinking 


4 stimuli to ) justify their cost. It is disquieting to consider how thoroughly o = 
generation really has rejected thinking as a personal process, how quickly Ss 8 


> adjusted to spoon- -feeding for all forms of intellectual nourishment, how: 
ly it reacts tc terial, intellectual challenges. 
impassive yi reacts to unmaterial, intellectual cha enges. 


Man is, I believe, an unwilling victim of today's environment, ‘caught up 


in a system which places an inordinate premium or on speed, a system with little 
patience and less reward for a man known to be given to reflection. Present-_ 


day society has almost vanquished solitude. An active man with the inclina-— ie 
. tion scarcely would dare arrange his lif life to allow himself time for thought. 
At best he risks being considered an antisocial plodder, at t worst, a pathetic 


= Iti is quite inconsistent to develop men intellectually, train them profession- 
ally, and then fail fully to utilize their potential. J Knowledge e: cannot be fully 
without ‘contemplation. W hile there was no intention to put this 
_ thought into good engineering language, it was indeed’ 80 phrased by Try on 
Edwards when he said: “Contemplation i is to knowledge what digestion i is to 


the way to get life out of it. 
- = a _ Personal tension has become the badge of initiative ; nervous restlessness, — 
+ the emblem of successful drive. The hurried ¢ gait, the frantic manner, the q 
q harassed look—these are the unmistakable marks of achievement. An earlier 
g grave is not the goal, but the successful man is obliged to behave as if it were. "7 
Pressure decisions clearly utilize nerv ous energy; : but there is ‘much evidence 
to indicate that calm reflective thought soothes and revitalizes. It is more 
2 likely that one may rely on a well-thought-out decision. Hence, it can soon a 
be forgotten, whereas a hasty one may continue to consume nervous energy. : - 
_ The influences which have so robbed us of time that little is left for creative 
7 ame have perhaps struck hardest at the lives of business and professional 
af men. _ The more creative the activity, the greater will be the damage. bom Thus, 
engineering profession, for one, is especially hard hit. ol dow 
ee More than ever before, industry and government understand that a 
Ress i is essential to survival al and that thinking is essential to | creativeness. 
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ately provided, especially by industry; but most such programs are umes 
- “only for research people and business executives—and usually for group rather 4 
than individual application. The so-called “brain- -storming” currently 
vogue is a rather extreme example of the techniques being employed in the } 
effort to spark ideas. this technique, the emphasis is on quan- 
: gq tity production of ideas for application to a particular | problem, with partici- — 
= encouraged to say whatever the discussion may stim them to say, 
without fear of of criticism, however wild the idea. Io. 
- Some of the world's leading scientists have found it very worth while to par- 
ticipate in the Gordon Research Conferences of the American Association for _ 
the Advancement of Science . The primary purpose of these se conferences i is to 
' provide a an opportunity for free and unhurried discussion by small competent 
_ groups on scientific problems where current research is uncovering new funda- 
mental information. There i is neither nor r the haste that marks 


in soft chairs. Nothing is recorded, and n no quotations 
_ groups; yet, in practice, almost everything possible is done to encourage “= 
Speed-up. Executives are under great pressure and they in turn impose pres- = 
‘sure on their : subordinates. As one executive : explained, what really happens i is a , 
that, along the line, the man who is promoted i is the one who takes his sprob- 


tee of a sort at top levels. But, concurrently, fundamental profes- > 
this poses a grave ‘professional problem. Relatively few engincers, 
however creatively disposed, are able any more to find the time to think. 
Such concentrated thinking as they are able to do will probably be done fran- 
tically i ina . pressurized atmosphere. | We have been led to believe that this en- 
_ vironment actually fires imagination and induces creativeness in some profes- be 
is ‘es and vocations—journalism, for example, and in the creative aspects of Pe 


Bs 7 entertainment business. In engineering, , it seems almost to _ have the op- 


- Competition is proudly acclaimed and justly identified as the underlying 
source of of America’ s economic strength. - Hence, it may correctly be concluded 


te competition is the fundamental source of our security, of our advanced 
= of living, of our stability, and indeed of our nation’s general welfare. __ 
4 Competition, in one form or another, is also an underlying cause of the dif- 7 
ficulties facing the engineering profession as a ‘result of the ever-diminishing _ . 
time for thinking. The i income of active sennorancoe the i income of most 7 


t time stems from the desire t to save money. ‘Time s usually 
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oof this income, usually driven by competitive demands, generates pressures 


ultimate supplier of the Under the prevailing system, however, thine 
9 telationships are seldom considered rationally. The wrong factors and influ- — 


ences control the time and the money expended on engineering—especially 
Seldom is there a particularized evaluation of the optimum proportion of 
- engineering in the entire project. Hence, seldom is there a conscious balane- — 

ing or a proper recognition of added benefits to be derived from such optimum — 


gineering are quite There may be little true relationship 
_ these and optimum engineering in individual cases. © Minimum engineering is 
the usual criterion under all competitive conditions. These minimums have 
4 their origin in customs in private, industrial, and public works practices. To — 
_ a considerable degree, however, these origins are basically rooted in the sched- 

—“ ules of median or minimum engineering fees which have been published from 

time to time by the engineering societies as general guides. These usually have a 

a been percentage related fees intended to provide generally appropriate compen- _ 
‘sation for services rendered by private practitioners. In practice, | however, 

these minimum guides are often applied as a measure of the maximum allowable 

_ expenditure for engineering—whether it is to be done by engineers in the direct 
employ of the person or agency paying for the engineering or by outside firm ms 


--It is not the intense competition in engineering arising from these practices 


_ which is harmful, but some of its evil effects. It tends to put too great a pre- 4 ; 


mium on engineering output, with inevitable sacrifice of quality. It tends to | % 
_ fix the time and thought required for applied engineering arbitrarily and with- _ 
“a out considering its far more significant: relation to the over-all economy. A 


- more rational determination would include the time- for-thinking element when 4 


_ justified—which i is a nearly complete casualty under present conditions. 
is unprofessional f for engineers to participate in competition for engineer-— 
‘ ing services primarily on a price basis because that is neither in the public nor ; i 

- 4 the professional interest. It is quite professional and highly desirable, how- 
¥ ever, for engineers to compete in all honorable ways because such competition — a 

is in both the public and the professional interest. 

Despite these manifest truths, and the seeming paradox involved, thor- 

__ oughly ethical engineers in both the employed and private practice categories : 
these days are obliged indirectly to compete essentially on a price basis. In 
industry and in government, this competition is with budgets or appropria- a 
tions, with other industry or other government agencies (civil and military) or 


with firms in the private practice of engineering. Firms in private practice © @ 


are in competition with other such firms and with the engineering depart- 5 
_ ments of industry and government. Even many engineering educators and 
their educational institutions are being affected increasingly by such competi- ear 


—_ chews is strong competition, for example, for industry- and government- — 


means money saved—but not always, by any means. For example, n 
yee I. > - gineering applied at the expense of more time required, as well as son a 7 
4 
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_— engineer-manned research. As underpaid educators hive had to turn 7 
more and n more to supplemental consulting service for economic survival, they — 
‘are thrown into competition with each other and with full-time consultants. >< 
To the extent that all these competitive pressures are responsible { for re- 
duced costs without impaired quality of engineering, the process is, of course, a ~~ 
beneficial publicly and professionally. To the extent that these pressures are _ 
responsible an which has had applied to it less the 


tion methods, some e engineering routines are. ‘Nevertheless, e: excessive ve 
competition, , combined with the current scarcity of engineers, is inspiring a 
variety of to transform art routine 


mechanics. 
Such efforts are not to be however, with the very appli- 


--velopments which save time and money without sacrifice of essential or ia cy 
are indeed the very essence of the ‘engineering ¢ art; but the sharp distinction 
between these ¢ engineering-related rou routines and exigfnal creative engineering is is 
being obscured. Widespread evidence of this is to be found, and the degree — 
of abuse usually increases with the number of engineers ina particular disci- 
pline. Industry perhaps i is the chief offender, but government and private 
practice are hard at its heels. Engineering management seems not to recognize — 
that almost all engineers—indeed almost all people—are creative to some de- | 
gree. To suppress creativeness in engineers is to misuse engineers ‘monstrously. » 
a Business clearly recognizes the need for imaginative management. It 
knows the importance of creativity. _ Moreover business, industry, and govern- a 
“ment count heavily on scientific research, a pursuit for which they readily 
4 afford time for contemplation and independent thought. None of these seems — 
7 consistently to recognize that engineers do much research, or that they might 
— well do far more to good advantage had they the time and the essential climate. a 
Relatively few engineers are able any more to apply the uninterrupted __ 
z thought necessary for the optimum solution. Time simply does not permit 
this. eae harsh deadline must be met. Administrative details cannot be 
ghelved. Personnel problems will not wait. Conference demands must be 
satisfied. Telephones are insistent and persistent. 4 People must be met, cour- — 
= extended. Meetings must be attended. Family demands enitnet be 
ignored. Social amenities are essential, civic dutiesdemanding. = he 
In this atmosphere, thinking is spotty, uncoordinated, and appallingly i in- 
The best solutions are not achieved. Short cuts | are contrived in 


shortened work week is factor in the time for 
= The professions, including engineering, have always lagged behind | wage Z Ss 
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Fundamentally, engineering is an applied science; but it is just asfunda- 
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longer, and this is true rue of self employed engineers. these days, however 


the vast majority of engineers are in the employee category. Nearly all of 
that group use the standard forty-hour work week, or in some instances an 1 
even shorter one. Large ‘numbers, to be sure, w work overtime, some quite regu- 
larly. _ For them, this means a work week in excess of forty hours, which can 
_ be ignored in this consideration. The very influences that have crowded out — 
_ “thinking time” “may be intensified by the conditions that bring about the — 
Although self-employed and other engineers rs deriving their income whally 
or in part from 1 profits usually much exceed the standard work week, thelr 
_ working hours are influenced by the pattern n of employed personnel. Also, the 
_ mature of the work they do in this excess time is usually quite different from 
that done during regular hours. Very likely t the overtime hours are their most = 
thoughtful and most. productive. “pole terry to" 
aa We have less time for thinking, not only because we are at work fewer hours 
but also because we use more and more of these fewer hours for other things. 
of the lost thinking time can be accounted for. The theoretical eight- 
4 hour day in engineesing offices actually averages no more than six ont three- 


4 and one-quarter hours per average day of all engineers to 


If engineers are to have more time to think as they once did—this time 
_ will need to be salvaged | either from what i is left of the working hours, or — 
nonworking hours, or both. This is an individual problem for all engineers. | 
_ In the case of employed engineers, it is alsoa management problem. 
and Individually, the most promising eff efforts for improvement would seem to be 
elimination of all possible time-consuming, ‘nonessential ‘distractions. 


- means, first, improved personal efficiency. It means also release from all rou- Gy . 


4 _ tine and administrative details that can be handled by subprofessional or cleri- 
cal assistance. Bak if ait at Hf) Be Of Ub tow 
In the case of supervisory or administrative engineers, it means 


is are either thought o or known to be less | competent. 
_ Here many of us fail miserably. Almost invariably we underestimate the 

4 ability of others to assume responsibilities we have been handling. - If we have 
Bn ern tendencies, the delegation problem is even more aggravated. a 

_ One notorious thief of time strikes at all engineering levels—on-the-job 
social visiting with associates and, to a lesser er extent, with outsiders. The 
. twice-daily recreational breaks, which have come to be an accepted and w shole- 
- some part of American business, industrial, and professional life, are proper 
times for such visiting; but abuses ai are where. Probably the 
4 only effective remedy against exc 


4 Zee engineer who longs for more time for thought white at work -_ a 
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ngineering entails’ much ‘personal communication design 
= supervisory personnel and between designers and sales representatives of man 
_ facturers and suppliers. If they are to be successful, those interested in the 
4 sale of a product for use in an engineering undertaking must maintain personal — 
4 contact with the er engineers responsible for specifying materials, equipment, and 
~ nonengineering services. The frequency and duration of these interviews is — 
- some measure of the sales group's effectiveness. On the other hand, those who- 7 
_ specify do lose time as a result of excessively long or frequent sales interviews. | a 
3 The problem is a difficult one. Under our system of business practice, sell- _ 
4 ing agents are entitled to a full hearing. _Indeed | they make a significant contri- _ 
bution to engineering. Nevertheless, it is both good judgment and acceptable 
_ professional etiquette to limit sales interviews to the length of time really re- | 
quired. The necessary discipline must be initiated by the engineer Com 


administrative, executive, and supervisory capacities 
telephone is at once a tremendous time-saver a and an astounding time-waster. | —_ : 
telephone conversations during orking hours. are unnecessarily long. 
Usually they could be shortened materially without either reducing effective. 
nm Nearly all engineers of professional standing are obliged to participate in rg 
“conferences of one kind or another. These conferences probably use, on cfly _ 
twice as many man-hours as necessary. Se hief 
responsible for wasted conference time. The greatest, perhaps, is inadequate 
_ planning. Curiously, good planning is considered the special forte of the 
_ engineer. Another notable thief of time in conferences, also 0 traceable to im- . 
4 ‘proper per planning and direction, i is the tendency to deal with matters affecting ng 
only a minority of those present. 
Inadequate and incompetent ‘stenographic secretarial assistance, or 
 fandequete dictating facilities, is a frequent and ‘usually , valid complaint of 
_ engineers, especially of those i in situations requiring considerable use of such 
_ Services or equipment. An organization that fails to provide its s engineers with 
adequate services of this. kind pays a very high p price for its short-sightedness. } 
7 Se would be true even when engineers are plentiful; yet t this is perhaps one 7 
itn his effort to recapture | some time for thinking, the engineer er might w ell L 
_ examine the way in which he makes use of the dictating and stenographic | 
“ facilities available tohim. Sporadic dictation throughout the day, rather than _ 
‘more orderly, concentrated, uninterrupted periods of dictation, is wasteful. 7 
_ Another common and avoidable fault is the failure to make full use of stenog- _ 
—_— and secretaries’ ' ability to compose, after only the briefest directions, Ss 
the routine letters comprising a large part of an engineer's correspondence. 
If collected, the minutes wasted throughout every work day would comprise _ 


respectable of perhaps one or two hours. ‘This fact fact, coupled with the 
oA. 


4 
— 
| 
= 
wz 4 
— 
— 
TNSISUERCE UPON USUAHY leads Vo FESpect an a 
as . ing, if ordinary business amenitics are not breached in the process. It is _ 
a 
3 
4 
al 
| 
| 
j 


‘TIME TO 


= the difficulties compared to those, say, of a century ago—or oe 


pe 


‘man, fulfil his ultimate | responsibility. is an not an easy 
which can originate only within the individual 
Only the very exceptional people are likely to be determined enough og 
7 persevere 0 over these thought-inhibiting influences of our times. These will be 
: = to base their important judgments on truly contemplative thought despite 

adverse environment. Although the reason may not be generally recog- 


nized or appreciated by others, this is certain to distinguish them. 


easily-overlooked responsibility of every engineer to make some use of his own 
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Novemper a, 1, 1954 


ae) Edgar Morton Hastings, the son of Robert John and Ada (Tleiliz) Hastings, 


was born in Lutherv ille, Md., on May 5, 1883. He received his college educa- 
tion at the Baltimore Polytechnic Institute (Baltimore). Hi 
o) Mr. Hastings began his career with the Baltimore and Ohio Railroad Com- 
“pany and shortly thereafter, in 1903, joined the Richmond, Fredericksburg 
and Potomac Railroad Company in Richmond, Va. Ile progressed through © 
_ subordinate positions until he became chief engineer in 1922. Ilis administra- 
tion was marked by the complete rehabilitation of the e property in the | post- 
World War I period, subsequent large-scale improvements, the replacement of 
station and bridge facilities at Fredericksburg, Va., the adoption of modern 
“maintenance po licies, and the use of heavy- -section, continuous welded ‘rail in Me: 
 *-He was selected by the Economic | Cooperation Commission of the United 
- States es government i in 1948 to inspect and report on the three principal railroads 7 > 
4 ‘He also served the City of Richmond as a member of the City Planning ~ 
7 Commission and as chairman of the Board of Zoning Appeals from 1935 to 1944. b 
In the course of his career, for more than forty-two years, he was very 
active in the American Railway Engineering Association. n. He: served on its com- * 


mi ittees on Yards and Ter rminals, Cooperative Relations with Universities, and 
“Bt andardization. He was director (1931- 1934), vice-president (1937-19 1939), and ‘2 
president | (1939- 1940). In 1950 Mr. Hastings was made an honorary member of 
las He served the Society as President of the Virginia Seetion, as a member of 
“i several national committees, as Vice-President of Zone II in 1943-1944, and as b 
_~ 
8 Other professional affiliations of Mr. Hastings included the American ate 
7 for Testing Materials, the National Society of Professional Engineers, a 
Engineers’ Club of Hampton Roads, the Engineers’ Club of Virginia Peninsula, 
and the Central Virginia Engineers’ Club. oe odd of 
On February 27, 1908, he was married Carmen’ He is = 
a o- by his widow; two sons, Edgar M. and David C.; and three grandchildren. = 
Mr. Hastings was elected an Associate Member of the Society on June 30, : 
- and a Member o on May 8, 1922. He became a Life Member i in 1945. Lal ae i 


manuscripts have been filed in the Engineering Societies’ Library, 
29 West 39th Street, New York, N.Y., and are av iilable for consultation. these 


q 
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memoirs have been considerably abbreviated for printing in Transactions. 


Abstract of memoir A. Rice, A. M. ASCE. boinl oH 
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Burdick, the son of William and (Dewey) Burdick, was 


Following graduation bea was first by Alvord & Shields. This 
_ followed by approximately five years with John A. Cole, consulting engineer, 
of Chicago. In 1902, Mr. Burdick formed a a partnership v with John W. ‘ied 
which continued for forty years until Mr. Alvord’s death. Until 1922, the 
partnership was known as Alvord & ‘Burdick, and subsequently as Alvord, "4 
a Mr. Burdick contributed markedly to the development of methods for both 
_ water and sewage treatment. _ He was also widely consulted on hydraulic prob- 
lems related to stream and flood relief. In cooperation with Mr, 
Alvord he was author of a book on flood prevention and flood protection.” He 
early realized the economic possibilities in the use of super- heated § steam in 
steam turbines and made some of the earliest installations of that type of equip- be £ 
ment in waterworks service. In later years he converted many pumping 

stations to electric drive. Ay ur ‘od to sa 

_ Mr. Burdick’s advice was always widely sought throughout the United States. 

a Some of his most outstanding developments are the Mokelumne River East Bay . hs 

City | project at San Francisco; the Deer Creek Water Development at Salt Lake f. 

City; the Moffat Filter Plant at Denver; and the extensive gallery system at Des 

Moines, which Mr. Burdick directed for more than forty years. He was con- 

sultant to the City of Chicago o on the - world’s two largest filtration plants, on 

the Pioneer Mechanical Filtration plant at Niagara Falls with its phenomenal 
record of typhoid reduction, and to the Long Island Water Company i in New 

Mr. Burdick was active in Society affairs. He served as ‘Director from 1935 
3 1937 and as Vice-President in 1941-1942, and was chairman of many impor- — a 

> _ He belonged to the American Institute of Consulting Engineers, the Illinois .. | 

_ Society of Professional Engineers, the Western Society of Engineers, the Ameri- — 

_ ean Water Works Association, and the Chicago Engineers’ Club. He was an - 
honorary member of the last four mentioned organizations. 
Int 1909 he was married to Mabel Taylor. She died in 1935. He is survived 

two Mary (Mrs. R. C. Dallach) and Janet (Mrs. E. J. 


Abstract of memoir prepared by L. R. Howson, M. ASCE. 
#“Relief from Floods,” Jobo Ww. Alvord and Charles B. Burdick, ‘McGraw- Hill Book 
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«JOHN CHATFIELD | PAGE HON. sna 


Sohn ‘Chatfield Page, the son of Walter E. and Emma. J. (Chatfield) Page, 


was born on October 12, 1887, in Syracuse, | Nebr. In 1908 he received the, 
of Bachelor of Science in ceivil engineering from the of Ne- 


eighteen months of postgraduate Cornell, included conducting irri- 
_ gation surveys in Idaho, Nebraska, and Colorado; a short term of service as 


assistant city engineer at Grand Junction, Colo.; and a fev few seasons of irrigation — 7 
From 1911 to 1914 ‘be engaged in engineering and construction work 
on t the » Grand Valley Project of the United States Reclamation Service (later — 


the Bureau of Reclamation) near Grand Junction. In 1915 when he returned — : 


. ..- the project fi from Cornell, he became assistant to the project manager. 


{ project. 


bh 
1925 Mr. Page became superintendent of the Grand Valley Project and nb 


d 1930 he was selected office engineer of the Boulder Canyon Project (Hoover 


Dam) at Boulder City, Nev., and contributed to the successful completion 
In 1935 he was appointed assistant to Elwood Mead, the head of pie 
the United States Bureau of Reclamation in Washington, D.C. = 


. On ‘January 25, 1937, after a a term of f service as assistant | commissioner 0 


missioner and as a member of the national Great Plains Committee, Mr. Page _ 
a thorough field study of the drought emergency of this region and sup- 
ported investigations resulting in the initiation of the comprehensive nal 
e- 1943, after unremitting devotion to his mtorr of which was created = 
= by the demands of the war years, he resigned to become consulting engineer to 
& ‘A In 1914 he + was ‘married to Mildred R. Sloan in Oak Park, Il. He is sur- 


Member on June 15, 1953. 
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THOMAS: AUGUSTINE BERRIGAN, M. ASCE* 


‘Thomas . Berrigan, the son of John F. and E. (Dunn) 
i rigan, was born at Boston, Mass., on May 29, 1895. He was graduated with the 


a 1 Abstract of memoir prepared by a committee of the Colorado Section cusioting ot 
ss Walker R. Young, 


Chairman, Frederick E. Schmitt, and Grant Bloodgood, Members, ast 
* Abstenct of ‘memolr ‘Prepared by Gordon M. Pale, M. ASCE. 
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degree of ‘Bachelor or of Science from Massachusetts Institute of (Cem. bg 


eastern Univ in 1930 ond Master of Science in Engi- 
neering from Harvard University (Cambridge) in 1949.00 
fw rice in his eareer Mr. Berrigan established himself in private practice, from - 

— 1921-1925, and upon his retirement from the Metropolitan District Commission 
of mens in 1955. Tlowever, most of his professional life was spent in 7 

4 service. He was a civil engineer with the Boston Transit Department _ (1925- 

: 1935) before he joined the Metropolitan District Commission as senior civil an i 

« neer, becoming director of the sewerage division and chief ‘sewerage toc be 4 

Mr. rendered ‘outstanding public service also as of the 
_ Joint Board consisting of the Merrimack River " Valley Sewerage Board ond the 
is Massachusetts Department of Public Health, as a member of the National Pollu- 

2 tion Control Board, United States Public Ilealth Service (1949-1954), as director — 

- of the ‘Boston Society of Civil Engineers, and as assistant ‘district publie works Z 
officer, First Naval District. (July 1942- May 1945) for which he received 


ni On September 13, 1937, at Boston, Mr. Berrigan was married to Helen Helen ball 4 | 


4 Flynn. He is survived by his widow. bee 


_ Mr. Berrigan was elected a Member of the Society on May 18, 1942. " 


4 


FREDERICK LOUIS BIXBY, M. ASCE’ 
NovemsBer 13, 1955 


Frederick Louis Bixby, ‘the son of Russell and Annis’ (Smith) Bixby, was 7 
‘born in Moorehead, M Minn., on July 1, 1880. He received the degree of Bachelor — 
of Science in civil engincering in 1905 from the University of California 
and the degree of Civil Engineer in 1918 from the University of 
: ‘ng After graduation Mr. Bixby - was ‘employ ed by the Oregon Short Line Rail- = 
way on location and construction work in Idaho. In 1907 he made surveys» 
a: and investigations for hydroelectric developments in the Salt Lake City area 
and in 1908 he joined the United States Department of Agriculture, later serving 
= ‘* In 1910 Mr. Bixby directed investigations on water resources and water ene 
_ in New Mexico and later continued in this eapacity in Nevada. While in New | 
Me xico, , and during his early years | in Nev ada, he became a part: -time — 
§ of the engineering faculty at the New Mexico College of Agriculture and 
°@ Mechanic Arts, and also served in the same capacity in the Civil Engineering 
a a 7 _ Department of of the University of Nevada, He became a full-time member of 
the latter department in 1922, and chairman of the department in 1939, He 
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On December 31, 1907, in Berkeley | he “was Rhoda’ A 


Mr. Bixby was elected an iy Meret Member of the Society on June 6, 1911, 
a Member on March 11, 1919. became a Life Member in 1946. 


= James Churchill Boyd, son of Samuel and Harriet (Churchill Boyd, 


was born on August 19, 1871, i in St. Louis, Mo. . He graduated from t 
Institute of Technology (Cambridge), in 1893. 
After preliminary experience he joined (1897) the staff of the Boston Ele. ey 
wi Railway. Late in 1902 he joined Westinghouse, Church, Kerr & Company, 
_ Engineers oak Constructors of New York, N. Y., and served that company — E 
until his retirement as” construction engineer, ch chief -president, 
and first vice-pre president and acting president, successively. 
a _ Subsequent to his retirement (1920) he returned to Portland, Me., and to 
the practice of of consulting engineering, except for a brief period with F. H. 
 - In Portland, he was vice- president and director of The National Bank of ney 
7 _ ommerce; director of the The Boyd Corporation, Thomas Laughlin Company, — 
and Feio Company; and vice- e-president and director of the State Loan Company. 
_ Gn September 5, 1896, he was married to Ada Yerxa, 2 a. 5 
“dg Mr. Boyd | was elected a Junior of the Society on September 3, 1895; an ee 
a Associate Member on May 1, 1901; and a Member on September 3, 1907. “He 7 


rat 


i” ames Henry Brace, the son of J ames and Susan (Rork) Brace, was born i in 
‘Sheridan Township, N. Y., ‘on November 10, 1870, He was graduated a 
4 engineer from the University of Wisconsin (Madison) in 1892. 
After preliminary ‘experience, Mr. Brace became assistant consulting engi- 
neer (1903) on the construction of the East River Railway tunnels for the 


“te ‘and of associated companies in “Canada and the United States, 
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hred by George W. Burpee, Hon. M. il 


Brace directed « of many industrial projects, including metallurgical 

refineries and smelters, chemical plants, pulp and paper mills, , and hy droeleetric 
Nes ras In World War I, Mr. Brace. served as a major in the Corps of Engineers, — 
United States Army. During World War II , he ws was vice- president of the 
_ United Shipyards, Limited, which constructed cargo ships and auxiliary vessels. tas 
Brace was a member of the St. James Club, the Engineers’ Clubs pat 
and New York, the Canadian Club, Forest and Streams Club, 
Montreal Golf Club, and Copper Cliff Club in Ontario 
On September 6, 1897, in Chicago, Ill., he was to Frances | 
Mr. Brace was elected an Associate Member of ‘Society vn January 
1008 and a Member on September 6, 1904. He beca ame 8 Life Member in 1936. 


vet 


'AROHTBALD ALEXANDER BROWN, AM. ASCE’ 


Archibald Alexander Brown, the son of Archie and Mary (Ford) Brown, 
was born in DuBois, Pa., on June 19, 1884. He was graduated in 1906 as an ay 6 
engineer from the New ‘Mexieo College of Agriculture and Arts 
In 1908 Mr. Brown joined the office of the city engineer of San 
- Gait. _ He helped design a new sewer system, a fire protection system, and _ B | 
Bg ae Street ‘Viaduct. In 1911 Mr. Brown joined the Board of State Harbor hie 


oh: Commissioners which administers the San Franciseo water-front facilities, and ce, | 


was chief draftsman for the 1915 Panama Pacific International Exposi- 

tion. Late in 1915 he was employed by the ) California & Hawaiian Sugar Re- ao 9 
= = 

fining Corporation and for many years was retained by this company as a a con- = 


Subsequently, he was appointed assistant chief engineer for the Board 
of State ‘Harbor ‘Commissioners a and was engaged in in the construction 0 of 
Se sth structures for his own engineering office. He also served as engineering editor 


Later he became vice-chairman of the San Francisco Bay Marine Piling 
Bs BS. ommittee and was chairman of the subsoil committee ‘of the San Francisco 4 
He belonged to the Berkeley Club, the Faculty Club of the University 
California, the Presbyterian Church, and the Y.M.C.A, ot 
‘ & i Stes On' June 9, 1911, Mr. Brown was married to Sarah Josephine Work. He 


by his widow and | a son, Archibald. 


g for Architect and Engineer, 4 


1914. 14. He beeame a Life Member in 1949. 
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RICHARD MEYER BROWN, JR., J. M. ASCE 


a Richard Meye er Brown, Jr., , the son of Richard Mey er and Dor Dorothy. (Davies) - 


ah itis 


Br own, was born on ‘April 12, 1928, at Monroe, Wash. Mr. Brown w was -gradu- 


4 ated from Garfield High School in Seattle in 1947 and from the University of | ? 
(Seattle) in August, 1 1951, with the degree of of Bachelor of Science 

_ After graduation he was employed by the Boeing Airplane ‘Company of 


Seattle i in the engineering department. — While on duty as ensign with Squadron © 
VE 194, United States Naval Reserve, he was killed in dive- bombing aud 


om He is survived by his father; his step mother, Lena Brown; two brothers; a 


- Mr. Brown was elected a Junior Member of the Society on December 10, 1951. 


oil et «BLAIR ASCE’ bas asignd 


Blair Irving Burnson, the son of G. Norman gi Etla (Kelsey) Burnson, _ 
was born in Sistine, N. Dak., on November 19, 1911. He was graduated with 


the degree of Bachelor of Science in civil engineering ‘from the University of 


"California (at Berkeley ) in 1934, 
While at the University of California, Mr. Burnson was president of Tau 


‘Beta Pi and Chi Epsilon, two honor societies. 
After graduation Mr. Burnson was employed a as a sanitary engineer by, the TE 
East Bay Municipal Utility District, in Oakland, Calif. During his twenty- one 
a years rs with th the ' District, he ¢ advanced rapidly in the sanitary e engineering field to 
increasingly r responsible positions. During his last year with the District he be- 
Burnson | was very active in p professional and civic group amongst which 
were. the , American Water Works Association, the American Public Health As- 
sociation, and the Federation of Sewage and Industrial Wastes Association. 
was a former director of the Oakland Junior Chamber of Commerce and w was 
active in Rotary International, 


At the time of his death Mr. Burnson was the vice- president, SA, oa ; 
u 

On September 6, 1940, at Oakland, ‘Mr. Burnson was Evelyn 


Jo orgenson. ¥ He i is survived by his widow, mother, and two sisters. Bag vant aa 


‘Mr. Burnson was elected a Junior of the Society < on October 29, 1934; ane 
_ Associate Member on December 16, 1946; and a Member on September 29, 1954. =) ' 
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Dap Novenses 7, 1955 


Byrnes, ‘the son of ‘William and Addie (Miller) 1 Byrnes, 
= born i in Belle Plaine, Kans, ‘on March 19, 1883. He studied civil engineering at 
li as a reserve until 1943 he resigned with, ‘the rank of 
Before s setting u up his o own practice as a consulting « engineer in Lamar, Colo. i 
he was district construction engineer in the Colorado State Highway Depart- 
ment. 1929 he became associated with the J. White Construction Com- 
pany of New York, and represented them for two years in Panama as con- 
struction superintendent on a loading pier on the Pacifie Coast and on the 
Panama Railroad. Later he represented the same company in Chile on con-— 
struction of irrigation “systems and a a tunnel 
_ In 1933 Mr. Byrnes returned to the United States, joining the staff of the | 


New England Divis ision 1 of the Corps of Btates He 


is surv ived by his w widow. 
Mr, Byrnes was elected an Member ot the on October 
1920, and a Member on Janua 20, 1922. 
_ JOHN NEEDELS CHESTER, M. ‘ASCE’ 


John Needels the Hubert Melvina (Needels) Chester, 


4 was born in Columbus, Ohio, on September 24, 1864. He was graduated from ay 


the University of ‘Tilinois (Urbana) in 1891 with the d degree of Bachelor of Sei- 
ence in eivil engineering and later received the degrees of Civil Engineer (1909) 


After graduation, he entered the field of waterworks engineering. In: 1894 
he directed the installation of extensive waterworks equipment for a a manufac- 
ai 


1899 Mr. Chester became chief e ngineer of the American, Water Works & . 


~ Guarantee Company which | operated forty two water plants. At this time he | 


contributed greatly to the art of water filtration and to procedures for the in- 7 


stallation of water-treatment plants. 
a4 Before organizing the firm « of Chester & Fleming (1910), he was goed 
ore of a pumping machinery « company. . For twenty-five years Mr. Chester 


1 Abstract of memoir prepared by John M. Server, Jr.. A.M. ASCE. ~~. 
Abstract of memoir prepared by D. E. Davis, M. ABCE. fue 
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an active consultant in this partnership . He designed extensive improve-_ 
- ments to waterworks plants and new construction and helped develop valuation 
and rate-making procedures, ‘representing many communities and water com- 
ss Mr. Chester served as Director of the Society (1922- -1924) and as 1s Vice-Presi- 
dent (1931-1932). He was a member of the Engineers’ ‘Society of Western 
_ Pennsylvania (past- president), the University of Illinois Association (director 
and president), and the University of Illinois Foundation (director). J mod 
He is survived by four sisters and one brother. at te 
_ Mr. Chester was elected a Junior of the Society on December 6, 1808; an 
Associate Member on December 5, 1894; and a Member on March 6, 1901. } He 


Sohn Belford Cleary, the son of James and Katherine (Walker) Cleary, 


; was born at Alma, Colo., on September 26, 1891. He was educated at the 


tor years was in pt of all ‘civil activities. 

he undertook technical assignments for the City of ‘Casper. E He continued as 

_ Through 1941, Mr. Cleary was engaged as United States mineral surveyor; 7 . ; 
of v water distribution on the North Platte River; Depa 


i During World War II and until 1945, Mr. Cleary worked for the Pacific 


: yards a and engaged i in other activities. . He then established a private peecticn at 
Bothell, Wash., closing his career with varied projects in the Seattle area. = 
4 Mr. Cleary was of the Colorado Society and the 


Schools on United States and surveys, A : 
On October 25, 1916 in Basin, Wyo., he was mar: 

is survived by his widow; two sons, James, and John; and | a brother. lasts 

‘Mr. Cleary was elected a Junior of the Society on September 9, 1919; an 

= Member on June 6, 1921; and a Member on 16, 1938. = 
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Donald Omer Coe, the son of Claude E. and Elizabeth (Thuma) Coe, 

of Science in civil engineering fom, Deine. University (Granville, Ohio) 

_ in 1926. He did graduate work in civil engineering at the University of Wiscon- 
sin (Madison) and later studied naval architecture at Temple "University 
(Philadelphia). Mr. Coce’s professional experience had included employ-— 
ment in Boston, Mass. , Ampere, N. J. and Philadelphia, Pa, . While in Phila- 
-delphia, Mr. Coe was a structural designer and naval architect with the United 
_ States Department of the Navy. In 1941, Mr. Coe entered the employ of the | 
Corps of Engineers, United States Army, Vicksburg, Miss. In the succeeding | 
‘fifteen years of his career in the Corps, design work was his special concern — 
until 1952 at which time he was promoted to the position of chief of the Safety 
Branch. He was serving in this capacity at the time of his death. Cee: _ 

Mr. Coe was active in civic, fraternal, and church organizations. 
On June 27, 1931, at Belmont, Mass., Mr. Coe was” married to Katherine 
Kimball of New wharypert, Mass. a He is survived by his widow, | ‘and two | sons, 


a Member on July 21, 1952. revel) w anor 


WILLIAM DEWOODY DICKINSON, M. ASCE* od 
William Dewoody I Dickinesn, the son of George and Harriet (Brodie) 
edie was born in Arkansas City, Ark., on November 20, 1881. In 1903 he 
completed his engineering education at the University of Arkansas (Payette. 
ville). He was graduated from the Arkansas Law School i in: 1929, 
__« His entire en career of more than fifty years was spent in his _ 
dis en engineering career 0 yy as sp q 
native state. After graduation he worked with the United States Geological — Pe 
Survey and then became assistant engineer on ‘the construction of the Plum 


of the Arkansas River and reclaim vast areas. Mr. Dickinson worked on this 
4 engineering problem throughout his professional life. Shortly after the levee 
_ system was completed he was promoted to the position of chief engineer for — 


4 the Levee District, a position he held until his deathh 


4 Abstract of memoir prepared by Norman R. Moore, M. ASCE. | 
Abstract of prepared y N. White and Members, 
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in Little Rock. this long practice he designed and . 
the construction of many important works. wr 
In 1905 Mr. Dickinson was married to Florence Watkins. He is survived _ 
Mr. Dickinson was elected an Associate Member of the Society on May 3, 
1910, and a Member on we une 12,1917. He became a Life Member in 1945, 7 ine 
DeMarcus D. Forgey, the son of Elias and Amanda (Holman) Forgey was 


born in Amie Asotin County, Wash., on April 29, 1886. In 1909 he was a 
_ graduated in civil engineering from Washington State College (Pullman). 


. He was first employed in railway « construction in Canada and later in hydro- 
electric development for the City of Seattle, Wash., on the Skagit River Pro-— 


(on In 1925: Mr. Forgey joined the Washington. State Highway Department 


and was located i in Aberdeen, Wash. , until 1935 at which time he was trans- 
ferred to! Seattle as a locating engineer. From (1945 to 1949 he served as 
construction “engineer and as assistant engineer and engi- 


was appointed, district ‘engineer in ‘Seattle and was serving in in this capacity at 


time of his death. bataiogys ed 
On December 31, 1941, in Sumas, Wash., , Mr. Forgey was married to om 


_ ‘Fitzgerald. He is survived by his widow; two Marie (Mrs. L. 


Charles Marie and Charles F, a sister; three grandchildren. 


Mm Forgey became a Member of in 1954. + 
THEODORE GRABLMAN, A. M 


at 


om 


Grahlman, the son of and Loretta (Youngman) Grahlman, 


was bo born in Tacoma, Wash., on September | 1888. 


ME. was New York, N.Y. From 1909 dhrongh 1913 


he held various positions with surveying organizations in 


— _ United States and Alaska. In 1913 he moved to New York and was a chief ball 


= 1 Abstract of memoir prepared by Samuel DeMoss, M. ASCE. 7 
Abstract of memoir prepared ared by Carl F. Ganong, } M. ASCE. to 
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party on highway location and construction in Park ew 

a ‘York a and New Jersey until 1915. From that time until 1930 Mr. Grahlman 

add performed various engineering g duties for consultants and contractors in the New 

, - York area. From 1930 to 1940 he was assistant engineer for the Port of New 
“a _ York Authority and assisted in the construction of the Lincoln Tunnel fon oll 


4 dame on full employment but worked for the City of Seattle (Wash.) and > 


4 Pacific Testing Laboratories of Seattle. 
_ On January 2, 1915 in Yonkers, N. Y., Mr. Grahlman was married to Mary . 


Salvato. He is by his widow, a brother, and a sister. 
_ Mr. Grahlman was elected an “Associate Member of the Society on April 19, 


LING N, ASCE 
GBORGE WELLINGTON HAMILTON, M. ASCE 


George Wellington ‘Hamilton, ‘the son of George and Almira Jane (Haas) 
Hamilton, was born on November 26, 1879, in Pottsville, Pa. Because of the — 7 
death of his father he left school after completing two years (1898-1900) of the -. 7 


electrical course at Lehigh University (Bethlehem, Pa.). 
a Mr. Hamilton’s extensive career of fifty-six years involved him in all major 2 
phases of electric utilities in in the United States, Canada, ar and South America, — After s 
= experience, he was appointed vice- president of the Central Illinois 


Public Service Company in Mattoon, Ill. (1912-1919), and later vice-president 


 - charge of hydraulic and electrical « engineering of Middle West Utilities Com- 


i in Til. (1919- 1931). Between 1931 and 1946 he engaged i in pri- 


4 Washington, D. C. (1946-1947), he returned to private practice as a 2 consulting 2 

_ Among the n many important projects: of Mr. Hamilton’s career are three 

r dams, which at the time they were developed under his supervision were the — : 
=e of their type, Dixon Dam in Illinois, Dix Dam in Kentucky, and Ham- — 


4 ilton Dan, i in Texas (which bears his name). 
Mr. Hamilton was a fellow and charter member of the American ‘Institute 
——— Electrical Engineers and a member of the ‘Western Society of Engineers. 

; on “On ‘August 22, 1903, at Lancaster, Pa., he was 1 married to J ane Follett Platt. 7 , 
‘She died in April, 1946. On ‘December 21, 1946, at Evanston, ‘Ti, , he was o 
married to Cinderella Hegg. "Het is survived by his. widow and two ‘sons, a 

Hamilton was clocked a Member of the Society on July 14 14,1930. 
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Abstract of memoir prepared by Cinderella H. Hamilton, = j= 


odd am CHARLES ARTHUR HASKINS, M. ASCE? hue 


ve, Ph Arthur Haskins, the son of Milton and Mary (Pierson) Haskins, wes 
_ born on January 28, 1887, at Galva, Kans. He was graduated from the Uni- — 
versity of Kansas (Lawrence) with the degree of Bachelor of Science 1 in 1910. a 
He received the degree of Master of Science from Harvard University ‘(Cam- 
Mr. Haskins was formeriy instructor and later professor of sanitary engi- 4 
“neering at the University of Kansas (1913-1 920). In this position he also 
held the title of assistant and later chief "engineer of the State Board of 
‘Health. ‘During this period, by leave of absence, he served in 
Army Sanitary Corps. He joined the staff of Black and Veatch, Consulting 
7 Engineers of Kansas City, Kans, i in 1920, and in 1922, he headed his own engi- 
_— neering firm. From 1934 to 1939 Mr. Haskins ‘served 2 as chief engineer and — 
architect for the Missouri State Building Commission. _ 
a _ Mr. Haskins was a member of Sigma Xi and ‘Sigma Tau, and of numerous 
‘civic and technical groups. He was formerly president of the Kansas City 
Section of the Society (1929) and of the Kansas City Engineers’ Club (1933). 
On January 23, 1913, at Oskaloosa, Kans., Mr. ‘Haskins was married to 2 


} ‘Tess Critehfield. He is by his widow; ‘daughters, Mary 
R. F. and Suzanne (Mrs. W. A. ‘Tholen) two sisters; aad one e brother. 
sember 
1916, a Member o on June 6, 1921. ‘He became a Life Member i in 1 1951. 


+ 
“Alfred ‘Ronald Hiatt, the son of Cassius and Cora (Fulghum) wie 
ee at Lynn, Ind., on on Ja anuary 25, 1898. At the termination of World War rI 
and of his aiiiegy service, and after having completed his sophomore year at 
Purdue ‘University (Purdue, Ind.), Mr. Hiatt worked as an instrumentman for — 
the City of Richmond, Ind. He also worked for the Pennsylvania Railroad, — 
_ the Missouri Pacific Railroad, and the 1 Baxter Engineering Company | (Little | 
Rock, ‘Ark. ) during the three years. Following this Mr. Hiatt tau ught 
_ mathematics for one year at Little Rock College (Little Rock). He then re- 
entered Purdue University fr from which he af Bechler of 
Seience i in civil engineering i in 1925. 
a _ Subsequently Mr. Hiatt was employed as an engineer by the Baxter Engi- 
neering (1925- -1928) ; the Arkansas State (1929- 


-1934 = 
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MEMom 
and 1936- 1955). “From his : retirement in 1955, he was chief of the 
Planning and Reports Branch of the Vicksburg (Miss.) District Corps of 
‘Engineers, an and was responsible for for the planning on all flood control ‘ol projects — 
Bd. On June 19, 1947, at Jackson, Miss., he was married to Douglass L ‘Lord. He : 


Hiatt was elected a Member of the Society on May 18,1948. 
WALTER MONROE JARVIS, M. ASCE’ 


“Ew 


7 is survived by his widow, a sister, and a brother. shit lows ‘ 


(Barbourville) and the University of ‘Kentucky 
_ After working for the Kentucky State Department of Highways (1922- 1932) ; ; _ 
_ engaging in private practice (1932-1934) ; being employed by the Federal Works © 
j Progress Administration, in eastern Kentucky (1935-1942) and, later, by 
q Frazier- Brace, | at Kinempert, Tenn. —Mr. Jarvis went to Oak Ridge, Tenn., to 
‘a work on early road design programs for the Manhattan District and its successor, a 
the Atomic | Energy Commission. In succeeding years he was employed by 
.— architect-engineer firms in similar work. At the time of his d death, he was 
connected with the Oak Ridge National Laboratories. he: ater 
Jarvis was a first lieutenant, United States Army, during World 

War I. He was a member of the Elks and of the A.F. & A.M.; he was one of — 

the original trustees of the ‘First Presbyterian Church in Oak ak Ridge. pris: 

& On September 28, 1922, at Albany, Ind., Mr. Jarvis was married to Dorothy 
Eversole. He is survived by his widow; one son, Walter M.; and one daughter, 

a Mr. Jarvis was elected a Junior of the Society on August 31, 1925; an 

Associate Member on ‘March. 1927; and a Member on July 13, 1936. 


HOLLISTER JOHNSON, A. M M. ASCE’ we 
‘So by eft bovigig: an: ds 


Hollister Johnson, the son of Theron and Mary Elizabeth (Hollister)  ~ 
son, was born at Willow Glen, N. Y., on December 19, 1890, He was et 
Cornell University at Ithaca, } N. with the degree. of Civil ‘Engineer 
1912 
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After preliminary experience with the New York State 
in, the New York State Conservation Commission, and the | Board of Black 
|‘River Regulating District, Mr. Johnson joined the Water Resources Division, i 
Surface Wat ater Branch | (Albany, N. ¥ ), United States Geological Survey, a ‘on 
=> me He was assigned to the headquarters office (Washington, D.C.) in 1943 


and, a few months prior to his retirement in 1952, to the Surface Water Branch 
d the of reperts on ‘major 


floods ‘throughout the United States as well as a flood specialist training pro- ‘a 
gram. rendered outstanding contributions to the computations of peek flows 
Med ohnson was a member of the R Royal A Arch Masons of Dansville, 2 N.Y,, gt 

had belonged to the Black River Valley Club of Watertown, N. Y., and the he 


On October 20, 1920, at Binghamton, N. ing Mr. Johnson was married to 
Elizabeth L. Clark. He is survived by his hatte a son, Hollister; a daughter, 


Anna; a brother; a sister; and two grandchildren. 
Mr. Johnson was elected an Associate Member of the Society « on May 15, 


1917. HebecameaLifeMemberin 1951. § 


aH Decemper 11, 1954 ods to 


was born at Glyndon, Minn., on March 29, 1883. He was graduated from on 
_ University of Washington (Pullman) with a degree in civil engineering in 1912. 
bard he received the degrees of Civil Engineer (1915) and Master of i 


He became a high- engineer and executive in ‘the was, 
director of the regional ‘office at San Francisco; superintendent of 
Grand Canyon National Park; and superintendent of Yosemite National Park. 7 a 
For. outstanding contributions: to the development and protection of park 
Mr. Kittredge received the Pugsley silver medal of the American 
- Seenie and Historic Preservation Society in 1951 and also the Department of 

4% On March 11, 1915, Mr. Kittredge was married to Catharine Mears. He is a 
- wairvived by his widow and one daughter, Catharine Jane » (Mrs. Robert Andrews). i 
es Mr. Kittredge was elected a Junior of the ‘Society on March 1, 1910; an * - 
Associate Member on September 3, 1913; and a Member on October 12, 1921. ‘< - = 
mm became a Life M Member i in 1948. aft To tas Yo 
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nt ni yor ue Avaust 7, (1955 do 2 


ss Osear Henry Koch, the son of John H. and Lena (Leffman) Koch, was born 


in Union, 1 Mo., on March 27, 1890. In 1910 he received the / degree of Bachelor. 
@ of Science i in engineering from Missouri State University, (Columbia). 
aduation Mr. Koch was employed as a city planner by the Park 
ard Office at Kansas City. a In 1913 he became an | independent | contractor in 
ae Tex., and, in 1914, formed a partnership with James D. Fowler. During 
World Wars I and II, the company constructed camps and air nied hat 
Mr. Koch was a charter member, an honorary member, and president (1921-_ 
. a 1922) of the Technical Club of Dallas, and represented the American Engineer- 
a ; ing Council. — He was a member of the Water Policy Panel of the Engineers — 
‘Joint Council and, in 1949, was ‘president of the Texas Society of: 
‘He served the City of Dallas as a director of public works, director of the 
_ Chamber of Commerce, and in other capacities. He was a member of the High- — 
land Park Presbyterian Church and the AF. & A. M. » and a Sbriner. In 1950 he 
. Koch was a charter member of both th the ‘Texas Section : - ‘the Dallas. 
_ Branch of of the Society. In 1945 he was elected Director of District 15. ae : He 
_ served as as Vice- President ( (1928) and President (1931) of the Texas Section. 
He was a chairman of many Society Committees. 
Int 1911 he was married | to Tena ‘Sandker. He is are by his widow; 
two daughters, Doris and Betty Sue; and five grandchildren. myth) da ocvod x 


_ Mr. Koch was elected an Associate Member of the Society on April 14, 


“1919, and a Member on November 21, 1921. He became a Life Member in 


FRANCOIS EMILE MATTHES, A . M. AS ASCE 


4 _ Frangois Emile Matthes, the son of Willem Ernst and Jonkvrouw Johanna ~ é g 
Suzanna van der Does de Bije, was born on March 16, 1874, in Amsterdam, — q 


He was graduated from the ‘Massachusetts Institute of Technology 
(Cambridge) with the the degree of Bachelor of Science in civil engineering in 


During fifty-one years with the Geological Survey, United States 
ment of the Interior, Mr. Matthes pioneered the surveying and mapping activ- * 


Abstract of memoir prepared by Grayson Gill, M. ASCE. 
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é “ities atu many ‘national parks and on the Bighorn Mountains, Wyo. (1898-1899) ; 
hy in Montana and | Arizona (1900-1901 and the winter of 1902-1903); the : 
of the Grand Canyon of ‘the Colorado River, later known as 
the | Grand Canyon National Park (1902-1904) ; and Yosemite Valley, Calif. 
(1905-1907), amongst others. . From 1907-1913, Mr. Matthes served as an 
inspector of m maps for the Survey, and between 1910-1911 he directed the map- 
ping of Mount Rainier National Park, Wash. ‘During the period 
World War I and World War | II, Mr. Matthes was primarily involved in the 
-problems of geology of the Mississippi Valley (1928-1934) an nd of the Sierra 
_Nevadas. Between World War II and his retirement in 1947 he worked on 


projects in with various organizations and government 


ie addition to ‘being a renowned mapper and surveyor, Mr. _ Matthes was a 

prolific writer and an eminent lecturer i in the fields of geology and topography. ‘| 

wee June 7, 1911 , at Georgetown, Md., he was married to Edith i q 

- Coyle. He is survived by his widow and his twin brother, Gerard. eee 
Mr. Matthes was elected an Associate Member of the Society on April 3, »* 

1901. ‘He became a Life Member in 1996.00 

oft boo dol) adi to bos 


ood GWYNNE GRAVELLE McCAUSTLAND, M. ASCE’ 


_ Gwynne Gravelle McCaustland, the son of Elmer James and Annie (Gwynne) 
- MeCavatland, was born on May 23, 1894, at Salem, Ore. He was graduated 
‘4 from the College of Engineering of the University of Missouri (at Columbia) 
with the degree of Bachelor of Science in civil engineering, in 1916. He Tre- 
_ eaived the degree | ‘of Civil Engineer from that university in 1917. 


A 


7 engineer- secretary for the City Plan Commission of Kansas City, Mo. In 

1946 he was made principal planner and secretary to the Commission and Board 

of Zoning Adjustment. _ He was responsible for current planning, a stady of the 
transit t system, and for extensive revisions of the zoning ordinance. In ‘1951 

he became zone and planning ‘engineer. and served in that capacity until his death. be 
: _ M. McCaustland was a member of Tau Beta Pi, Psi Upsilon, the A. F. & a 
AL M., the Presbyterian Church, and the American Institute of ‘Planners, among — 7 


He served in World War Iasa captain, Coast Artillery Corps, United 


States Army, and i in World War IT as a colonel in this Corps. EER 
On April 11, 1920, at Iola, Kans., Mr. McCaustland was narried to Florence 


‘Hessler. He is survived by his and a son, Daniel. 
Pi 


Mr. MeCaustland was elected an Associate Member of of the Society on October — 
12, 1925, and a Member on July 14, 1930. wt Progra to 
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Abstract of memoir prepared by Edmund Wilkez, Jr., M. ASCE. 
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. Roy Gillespie McGlone, the son of Rev. James A. and Emma (Brown) © 


_ McGlone, was born in Mount Pleasant, Mich., on January 7, 1886. He was 
graduated with the degree of Bachelor of in mechanical 
“a from Purdue University (Lafayette,Ind.)in 1907, 
: After preliminary experience with the | Corps of Engineers, United States De- a 
_ partment of the Army (1907- 1908), and with private industry (1920-1922), Mr. 
4 McGlone became harbor engineer of the City of Long Beach, Calif. (1924-1931), _— 
and chief engineer and general manager of this port (1931-1935). ‘He re- 
the Corps” (1935) ; served as chief of engineering of the Southwestern 
Division, at Dallas, Tex. (1941- —1942; 1945-1950); and between March , 1950, 
and his retirement in 1956, as special assistant: and supervisory consultant 
> the division engineer and head of the newly established Operations Division. 
_ Mr. MeGlone was a member of numerous professional and engineering 
"societies and also of th the e Episcopal ( Church, the Dallas Athletic Club » and t the — 
9 A. F.& A. M. ‘He served as a major during World War I and as a colonel : 
“J during World War II. Among his many hobbies were his garden, a fine home — 
“ workshop, and photography, in which he took an active interest. 


a On August 30, 1936, at Santa Ana, Calif., Mr. McGlone was married » to 
Monta Trellis Reese. _ He is survived by his widow and one brother, Guy. — a 
an “a Mr. McGlone was elected a Member of the Society on November 10, 1930. es ; = 


ROBERT JAMES MIDDLETON, A. M. ASCE’ 


oo") mel 2473 oft 


Robert James "Middleton, the son of Elisha and Naney (Bennett) Middle. 
‘ia’ was Pg: near Greenwood, Sebastian County, Ark., on September 29, 1881. 
In 1903 he was graduated from the University of (Fayetteville) 


s the degree of Bachelor of Science i in civil engineering. ee ea 
fie 


a After preliminary experience Mr. Middleton entered the employ of the 
‘Chicago, ‘Milwaukee, St. Paul and Pacific Railroad. ‘During the succeeding Re 


ears he advanced to increasingly responsible positions within that organization. L ol 


‘In 1918 he was made assistant chief engineer for the lines west of Mobridge, 


1945, chief engineer, , and in 1950, consulting engineer. ‘He served in the latter 
capacity until his retirement in J uly, 1950. 


Abstract of memoir prepared by Grayson Gill, M. ASCE. be Goel 
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Wash.; in 1933, assistant chief engineer of the system, at Chicago, IIl.; — : 
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‘Mr. Middleton’ held membership in the American Railway Engineering 
sociation, the Engineers’ Club of Seattle, and, prior to 1933, the City on 
Seattle Planning Commission. He was exceedingly active in affairs of the 
- University Baptist Church in Seattle and was a me member of Tau Beta Pi and 


Kappa of Loe Banos. 
ae On January 11, 1905, at Fayetteville, Mr Middleton was married to 
Bertha Conner. He is survived by his widow; two daughters, Maurine (Mrs. > 

L. Kelley) and Roberta (Mrs. C. L. Waterbury); one son, Robert; a half 
brother; six grandchildren; and two great-grandchildren, Jo: 
| ‘Middleton was elected an Associate Member of the Society on December _ 


4 1907. He became a Life Member in 1942. 

WILLIAM MILLER, A. M. ASCE’ 
ai ow coi Hoe bib ob do 10" 
SEAL ol bas odd Io 190wo ae 


= _ John William Miller, the son of John H. and Ida (Nichols) Miller, was ‘born - 


in Springfield, Ill., on February 22, 1880. He was graduated from the Uni- 
versity of Nebraska (Lincoln) in 1905 with | the degrees of Bachelor of Science 
in civil and ‘mechanical engineering and in 1928 received the degree of | Civil 
_ _Mr. Miller had a varied experience in railroad engineering. He worked for 
_the Chicago and Northwestern and the ‘Chicago, Burlington and Quincy lines. — : 
- Between 1909 and 1917, he was a member of the civil engineering faculty _ 
of the University of Washington (Seattle). He believed that summer in 8 


‘Company. In 1919 be to the uz 
department but resigned shortly to re-enter the commercial aviation — 
__ Mr. Miller again returned to the university, serving from 1927 to 1937 as b 
associate” professor of aeronautical engineering. From 1937 until his retire- 
- ment in 1947, he was a consultant, except for the last four years when he was a 
design: engineer for t the Lockheed Aircraft Corporation at Burbank, Calif. 
i On September 1, 1909, in Rapid City, S. Dak., Mr. Miller “was married to 
Florence Lovetinsky. He is survived by his widow; one son, Charles; three 7 
daughters, Mercedes (Mrs. Ke MacDonald), Vivian (Mrs. K. Pearson), 
Josephine (Mrs. E. 8. Olason) ; and two brothers. 
a 


49 


a Mr. Miller was elected an Associate Member of the Society on Teens 9 
1913. 1913. He became a Life Member in 1946. 
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illiax 1 ( Charles Mooney, 1 the son of William fa! and Elizabeth (Herman) 


was born i in Pittsburgh, Pa., on April 22, 1890. He attended the Uni- 
versity of Michigan (Ann Arbor) oor three years after which time he turned his 
— In approximately 1922, he formed the William Mooney Construction Com- 
pany in Detroit, Mich. In the early 1930's, he found employment as a field man = 
_ with the Utley Construction Company of Detroit. He worked for that firm 
and for the Taylor-Gaskin Company (all in the Detroit ar area) until 1949 when 
health prompted him to establish residence in N. 
Tei, a number of aren he did miscellaneous small construction work i in eae gt 
vicinity as owner of the Home Construction and Maintenance Service. In 1953 
Mr. Mooney was instrumental it in exposing the unethical activities surrounding 
= construction of a major city utility project in Albuquerque. — He exemplified — ; 
on this occasion and throughout his career a commendable sense , of civic respon-— a 


» @' 


i 


r@ 


Mr Mound} was a life member of the Bellevue Lodge of the A.F. & A.M., the — 
3 first president of the Albuquerque chapter of the Sons of the American Revolu- 77 


7 on, and, for many years, a member of the Detroit Engineering Society. — iy 

_ In 1916 Mr. Mooney was married to Clarbelle Murchie. On December r 23, 
1946, he was married to Nina Coughlan. He is survived by his widow. 

ad Mooney was elected an “Associate Member of the Society on November - 


nottaive ts Da May 2, 1955 10 fed 

‘Clayton Mot the son _of F. Edwin and J Jennie (Richards) “Mott, 

was born in Northumberland, N. Y,, on August 3, 1886. 

from Yale Univ ersity (New Conn. ) in 1908. 


a 


During the eighinen, years preceding his employment i in 1926 aah Miller and 


a ‘Lar, Incorporated and Allied Corporations, Mr. Mott was engaged on a variety : : 
of important construction projects throughout the United States. As. chief 
engineer and field manager of Miller and Lux (1926-1955) Mr. Mott 1 was largely q 


bstract of memoir prepared by Nina C. Mooney. 
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~ Central Valley project (California), the exchange of on: Joaquin R River waters. 
He also prepared many engineering analyses of water rights and served as 2 ac 
consulting engineer for the Central California Irrigation District (1951-1955). a 
Mott exemplified civie leadership in his community of Los Banos, Calif., 
as one-time mayor, president of the Chamber of Commerce, trustee of Union - 
High School District, chairman of the Red Cross, and trustee of the Methodist — 
On August 31, 1906, in Troy, N. Y., he was married to Florence Elizabeth — 
Mills. He is survived by his widow; a son, Thomas; two daughters, Marion 
(Mrs. T. C. Conwell) and Jeanne (Mrs. Walter G. Snyder) ; nine grandchildren ; “— 
Mr. Mott was elected a Member of the Society on May 16, 1938. 
degre pres RAY MESSINGER MURRAY, M. te 
OcropeR 20,1955 adi ak 


_ Ray Messinger Murray, the son of James and Mary (Haynes) Murray, was a 
4 hon on May 19, 1876, in Ada, Ohio. — He earned the degree of Civil and Me- 
chanical Engineer at Ohio Northern University (Ada) in 1897, aivatt) ie 
a 


__ After a year of preliminary experience, he served on the faculty of his alma 
mater as instructor and dean of the College of Engineering. From 1902 to 1904 


he was employed as a structural engineer for the American Steel and Wire Com- 2 
‘pany and until 1910 as chief engineer of an interurban railway in Indiana. = 
Mr. Murray then n moved to Billings, Mont., where he represented a bridge — 


tt Union Bridge Company in Portland, Ore. He supervised the design and _ 
erection of the Twin Falls-Jerome Bridge | over the ‘the Snake River vend the Cascade > 
In 1929 he moved to resided until his death: 
During this period he was employed by the state and the City of Seattle on a 
number of major structures. From 1946 to 1950 he was consultant and design- 
ing engineer for the Alaska Street viaduct and the Battery Street subway in 
Seattle. The last few years of his life were spent i in private practice. — 
On August 12, 1901, in Hartford, Ohio, he was married to Edith Mary Bur- 
nette. He is eunvivted by his widow; two sons, Ray and Burnette; and two 
daughters, Vivien (Mrs. Schwarz) abl irginia (Mrs. Bone). va. 
: me Mr. ‘Murray was elected a Member of the Society ¢ on October 1, 1912. — 
became a Life Member in 1947. oud CQL, 
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a OONSTANTINE ALEXANDER ‘NOVIE, A.M. ASCE: 


eg ban aidgin Ocroser 2, 1956 ovla oH 


Constantine Alexander Novie, the son of Alexander and Elizabeth (Menshi- 
kov) Novikov, was born on September 10, 1888, in Bargusin, Russia. Mr. | 
 Novie received the degree of in 1916 from the Institute 
Prior to the Bolshevik r revolution, Mr. Novie worked as assistant director 
of the Bogoslovski mines in the Ural District. In 1919 he escaped from the 
Bolsheviks and worked briefly ix in a gold mine in Siberia, Russia, vu until: the revo- 
Jution overtook him. He then joined the White Russian Army and after its” 
_ defeat went to Harbin, Manchuria, where he taught physics and mathematics DP 
in a boys’ school until 1922. The following year he emigrated to the United ZZ 
7 States and became a citizen in 1929. _ Between 1923 and 1929 Mr. Novie —— 7 
at the Boeing Airplane Company, Seattle, YAR = 
Novie joined the Corps ¢ of Engineers, United States ‘Department of the 
in 1936 as an ‘inspector on river and harbor dredging. During his fifteen 
_ ~years in the Corps, he worked on construction of Mud Mountain Dam on the 
4 White River. He also assisted in the design of various civil works, and in 
aay On November 2, 1912, at t Tomek, Mr. Novie was married to Anna Vozonzov. 


7 | = Mr. Novie became an Associate Member of the Society on November 19, 1945, ie 
ta SIVERT EDWARD OLSEN, A.M. ASCE’ 


ar 


aby § Sivert Edward Olsen, the son of Frederick and Laura (Christiansen) Olsen, 
ite as born in Calumet, Mich., o1 on November 30, 1904. He was educated at 


Michigan State University (East Lansing), 
From 1930 to 1936 Mr. Olsen was employed by the Michigan State Highway 


_ Department, supervising road and bridge construction. In 1936 he joined the 
design section of the Tennessee Valley Authority in Knoxville, Tenn., 
> structural engineer. . Because of world conditions in 1940, , an accelerated con-— 
 struetion program was authorized for the TVA, and Mr. Olsen was assigned to 
a the field in charge of office engineering on construction of one of these o 
dams. By 1954 he had advanced to the position of assistant project m manager i 
ae In January, 1955, Mr. Olsen became associated with Uhl, Hall & Rich, eon- as 
sulting engineers, on the St. Lawrence River power near 
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r the Power ‘Authority of the State of New York. . He s-enrved as resident 
on the construction of Long Sault Dam. oH vind od it ob 
_-—-—,s Mr, Olsen was a member and generous supporter of the United Lutheran y 
Church. © He was also active in Society affairs and a President of the Holston a 
‘Branch of the Tennessee Valley Section (1952). a benattans brn 
~ On May 26, 1936, Mr. Olsen was married to Gertrude Sattem of agen! 
‘Mich. He is survived by his widow; 3 and one son, Peter S 
Mr. was elected an Associate Member of the Society on April 12, 7 


am” ‘Langdon Pearse, the son of John Barnard ‘and Mary Langdon (Williams) : 
Pearse, was born in Boston, Mass., on November 12, 1877. He received the 

= degree | of Bachelor of Arts from Harvard College (Cambridge, Mass. ) in 1899, 

c and the degrees of Bachelor of Science in civil engineering (1901) and Master 

_ of Science (1902) from the Massachusetts Institute of Technology (Cambridge). 
After early experience on water-supply projects, Mr. Pearse became an as- 

_ sistant engineer (1909) for the Sanitary District.of Chicago (now The Metro- — 

politan Sanitary District of Greater Chicago). investigations and direc- 

as “assistant engineer, as division engineer, and—from 1921 to  1956—as 


“sanitary engineer have served to increase substantially the amount of data avail- 
able on large-scale sewage treatment. 
Mr. Pearse was a member of the University Club, Indian Hill Club, Phi | 
Beta Kappa, the American Academy of Arts and Sciences, and numerous engi- 
neering societies. For twenty years he was the chairman of the Committee on 
— Sewage Treatment of the American Public Health Association, and helped to 
found the Federation of Sewage and Industrial Wastes Association. — He was 


of the Society, ‘and was a a prolific contributor to technical publications. 


On June 1, 1910, Mr. Pearse was married to Eleanor Howard Dean. He is is 


Pearse was | elected a Junior of the Society ‘on Januar 6, 1903; ‘an 
— Member on October 7, 1908; and a Member on July 2, 1913. He be- | 
came a Life Member in 1943. M1008 olo,) ab 

JOHN CARLETON PHILLIPS, A. M. ASCE: 


0d Ocrosme 3, 1954 


— obn Carleton Phillips, this son of Thomas and Hattie BE. (Carleton) ‘Phillips, 
was born in Port Townsend, Wash., on April 16, 1871. Mr. Phillips was self- - : 


at of memoir Norval B. Anderson and H. P. Ramey, 
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ABSTRACTS 
educated. He in a drugstore and later studied law and was admitted 
to the bar. ‘He became interested in surveying and turned to land st subdivision © 
1890. bati ia’ U, oft Yo wt bun ‘lO ) at 
Jn 1899 he was employed by the Corps of Engineers, United States Army, 
and continued in this employment until his retirement in 1933. For part of 
_ this period he was engaged on the design of the concrete for the locks of the 
4s Lake Washington Ship Canal. The remainder of his work was on the con- 
a _ struction of seacoast fortifications at Forts Worden, Casey, and Flagler. For 7 
; 8 short time, Mr. Phillips worked on the Subic Bay fortifications in the Philip = 
~pine | Islands. During | the last eleven years he was in active charge of mainte- + 
nance of the fortification elements of the harbor defenses of Puget Sound. 
_ Following his retirement, Mr. Phillips continued to live in the town i in which . 
born, quietly pursuing his hobbies of gardening and fishing. 
. On August 14, 1901, in Port Townsend, Wash., Mr. Phillips was married to 
Minnie | Holmes Short. He is survived by his widow anda sister. 
ati Mr. Phillips was ‘elected an Associate Member of the Society on on Januai 
3, 1911. He became a Life Member in 1942. to 


—— _ Herbert Spencer Ripley, the son of Henry Clay a oat Nellie (Arksey) Ripley, _ 
was born in Ann Arbor, Mich., on February 5, 1879. He was graduated 
from the University of Michigan (Ann Axbor) with the Bachelor 
Seience in Civil Engineering in 1906. 
hap During ‘undergraduate years, Mr. Ripley worked with the ‘United States 
_ Engineer Department (now the Corps of Engineers, United States Department — 
oy of the Army) on various projects in the Great Lakes region and in Texas. Fol- 
a lowing graduation, he went to the Sanitary District of Chicago, Ill. Except for 
. : el _ two years’ leave, in 1907 and i in 1908, respectively, during which time he prepared : 
2s P a special. study concerning improvement of navigation on the Magdalena River — 
in Colombia, South America, Mr. Ripley devoted his entire professional career to a 
_ the complex problems of Chicago’s sanitation. He retired as head as head of the Dis Dis- 


trict Engineering Department in 1949. WHOL 
_ Mr. Ripley was a member of the Western Society of Engineers and the — 


_ Illinois Society of Professional Engineers. Me. 
e On . August 31, 1905, in Galveston, Tex., Mr. Ripley was married to Caro- a 7 
4 line Kenison. He is survived by ; two sons, Herbert t Spencer, Jr. 
Dad Mr. Ripley became a Member of the Society on November 28, 1916. ‘He 
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Arthur Winthrop ‘Sargent, the son of Daniel and Charlotte (Thompson) > 
‘Sargent, was born on June 19, 1871, at Barrington, No Scotia, ‘Canada. In 


1890 he went to Boston, Mass., where he worked for the « city engineer and s studied 
He entered in 1896 at Peoria, working for the Corps 
of Engineers, United States Army, on river and ‘aaa projects—largely lock © 
: and dam design and construction. ‘He was transferred to the Seattle (Wash.) _ 
' Office of the Corps of Engineers in 1905. He helped design Forts Casey and - 
two of the primary forte on Pugs: Sound, and later supervised con- 


Canal and in Seattle.” After the canal and locks were constructed, he 


ob became superintendent of the project. — He held that position until his retire retire-_ _ 


he On 27, 1915, in ‘Worcester, Mass., he wi was s married to ‘Nellie, Watson. 


THOMAS RUSSEL SIMPSON, M. ASCE® 


inst ote ‘ vel 


From 1920 to 1950 Mr. Simpson ‘was employed by the California ala 
_ Division of Water Resources. He worked extensively in the | adjudication of 
rights, prepared special hydrological investigations of critical water- 
supply problems, and later directed inventories of water resources in the State _ 

of California. e also served a s consulta nt to the joint Committee on Water ‘a 
‘a Problems of the California legislature and to various state organizations. 

tn 1950 he left his position ¢ as principal hydraulic engineer with the water 

resourees division to become professor of irrigation engineering at the ‘Uni- 
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‘Transactions, ASCE, Vol. 92, 1928, p. 1001. 
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i Mr. Simpson was a member of ‘the International Cumatmion ¢ on Irrigation 
and Drainage and of the following societies: Tau Beta Pi, ‘Sigma Xi, Chi 
On May 1, 1928, he was married to Aileen Menzies. He is survived by his 
widow; | a Barbara; a son, Thomas Russel; and a grandson. a 
Mr. Simpson was elected an Associate Member er of the on July 6, 1925, 


and a Member on December 5,1949. 


“ALFRED KITTOE STILLMAN, M. ASCE’ 


ee Kittoe Stillman, the son of Frank P. and Eva M. (Kittoe) Stillman, 


at Washington State College (Pullman) and the University of Wash- 


& engineering in many of the western states. During | ‘World War II, he worked 
_ with the Corps of Engineers, United States Army, at Fort Lewis, Wash. In : 
Mr. Stillman | opened an o office in ‘Olympia, Wash., as a consulting engineer. 
3 1953 he formed a partnership in Seattle with DeWitt C. Griffin and in 
August, 1954, returned to Olympia and his own private practice. 
=a Mr. Stillman also was a member of the National Society of Professional — 
Engineers, the American Water Works Association, and the Federation « of Sew- 
“a age and Industrial Wastes Association. 
On May 14, 1936, in Seattle, Mr. Stillman was married to Beulah Christensen. — 
He is survived by his widow, a brother, and asister, 4 = 
‘ Mr. Stillman was elected a Member of the Society on on September 6, 1949. 


_ Simon Weinberg Tarr, the son of J ohn and ‘Regina (Weinberg) Tarr, was 


- born in Moravia, Iowa, « on June 27, 1873. He was graduated from Iowa State 7 

College (Ames) with a degree in civil engineering 

tf __ After some preliminary experience, Mr. Tarr embarked on & life-long career 
in the steel industry with the Oliver Tron Mining Company. ib ia 


pi he became draftsman, structural engineer, assistant chief engineer (1922), 
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and chief engines (1928) —serving in the latter ‘eapacity “until his retirement 
(1940). As chief engineer | he he was concerned with the process of “converting 
Ore from the - ground to the ore which is shipped to the blast furnaces.” He 
advised ‘the local municipalities necessarily by the company’s extensive 


Luke's Hospital, and chairman of its building committee. He was active in 
the ‘Duluth Chamber of ‘Commerce and the A. A. M. He was a Past- 


uy On August 28, 1901, he was | married to Sarah Emma Argo. He is survived 
two daughters, Margherita and Regina, and one son, Richard. 


_ Mr. Tarr was elected a Member of the Society on May 31, 1916. 16. He be- = 


For many years Mr. Tarr r of the Board of Directors, St. 


Franklin Tucker, the son of William F. Lauretta (Wheeler) 


‘Tucker, was, born on January 8, 1878, in Weston, Mass. He was graduated 
with honors in civil engineering from Harvard University (Cambridge, Mass.) 

Daring his early practice in Boston, Mass, he assisted in designing the 


i and was later associated with a firm which planned the Boston elevated railroad — 


- Mr. Tucker was a design engineer oa the A Canal and participated i ~~. 
ue He settled in Seattle, Wash, i in about (1915 and for | a time ‘practiced asa 
consulting « engineer. He was employed by the City of Seattle on the Skagit 
River hydroelectric development. Later he designed the large cranes 


_ the construction of Grand Coulee Dam as well as a number of bridges in King 


Club of Seattle ‘and wa was an associate member of the American Museum of Nl 


: m On January 2, 1908, in Baltimore, Md., he was married to Wilhemina Meyers. — 
: He is eevee by two sons, ‘Bert A. and William F.; om » daughter, Katherine; “a 
Mr Pucker: was elected an Associate a of the Society on December 7, 


1904, and a member on November 13, 1939. He became a Life Member in 1939. a . & 
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civil engineer - from State University (Baton Rouge) in 1907, 
4 Mr. _ Wartelle joined the Seattle (Wash.) Engineering Department and 
rose from chief draftsman to district « engineer, a position he held from 1924 to 
1935. He was chief engineer for the State of Washington in the Public Works _ 
"Administration until 1938 when he became city engineer of Seattle. He held 
this position until his retirement in 1948. Later he became associated with the 
Northgate development, the nation’s largest suburban shopping center. He 
Was consulting traffic engineer for the center 2 at the time of his death, 
_- During his long ca career in n public office, he contributed greatly to Seattle’s rapid 
~ physical development. — He) was in charge of hundreds of miles of sewer, water 
main, and paving projects. He instituted and implemented an extensive street 
Cw program, a street lighting ‘program, and modern arterial traffic 
plans, and designed many of the bridges spanning Seattle’s numerous waterway”. 
ie February 26, 1919, in Seattle, he was married to Zita Marie Curtis. He 
is survived by his widow; three sons, s, Robert, Edw. ard, and William; “one 
- Mr Wartelle was elected a Member of the Society on January 10, 1944. mend 


Dump 4, 1954 sit ban 
Walter Owen Washington, the. son of Thomas ‘Pratt and Ella (Maxwell) 
Washington, was born ‘on September 24, 1883, at Travis. County, Texas. He. 
was graduated from the University of Texas (Austin) with the degree of — 
4 Bachelor of Science in civil engineering in 1904. 12 
Mr. Washington r rendered valuable services to the State of Texas both as an 
P engineer and through active participation in civic, fraternal, technical, and 
other organizations. After preliminary experience, he became county. engineer, 
Cameron County (1920-1939) ; he supervised the construction of a flood-control — 
_ system in the Lower Rio Grande Valley (1920- 1932). . He was the construction — 
3 engineer for an extensive irrigation program in Willacy County (1939- 1940). . As 7 a 


eity engineer of Brow nsville he supervised the building of war-time facilities 
(1941-1942). He directed the construction of synthetic rubber plants for 


1 
Abstract of memoir prepared by Robert G. Wartelle, A. M. ASCE. i 
Abstract of memoir prepared by John A. Focht, M. ASCE. 
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SS was a senior partner of the firm, Washington and Ruff (1945-1950). _ 


— 


= 


In addition to membership in numerous technical groups and his active sup-_ “a 
port of the Methodist Church, Mr. Washington was also prominent in affairs of 
“the Society. He helped organize the Lower Rio Grande Valley Branch, Texas 
"Section, and served as President (1941) and Vice-President of the Texas sl i 

- Mr Washington was married to Bernice Haskell in 1910. He is survived = 
ye his widow; three sons, Walter, Wilber, and Thomas; three daughters, 
Elizabeth, Marjorie (Mrs. Randall Barker), and Mildred (Mrs. Lloyd Collier) ; - 

brother; a sister; and seven grandchildren. Hal) Io add 

Mr. Washington was elected an Associate Member of the Society on ‘February 
6, 1912, and a Member on September 9, 1919. He became a Life Member in > i 


DELANO WILLIAMS, M. ASCE 
4 Melvin Delano Williams, the son of John and Hanna (Webster) Williams, 
. born in Ogden, Iowa, on August 5, 1876. He was graduated in 1898 from 
the Colorado School of Mines (Golden) and soon after was working » in nee 
he Mr. Williams participated i in the topographical survey of the Colorado River 
- including the Grand Canyo on. For a time he had a private | practice at Kiama 
ond in and was later associated with the City of Los 


In 1919 Mr. Williams joined the Bureau of Public Roads ond wee in charge 

_ of forest highways for the Ogden, Utah, district. When the Public Roads office 7 
. was established in ‘Alaska, Mr. Williams became th the first district engineer for 


the territory. At: that time (1925) Alaskan road development was in its infancy. 


pioneered in the solution of difficult location and construction problems 
peculiar to the north country and gained a host of friends’ throughout the 


_ Upon his retirement in 1945, Mr. Williams made ‘his home at Edmonds, — 


q Wash. There, his lifetime love of flowers found full expression in one of the 


On November 28, 1923, Utah, he was ‘married to Hortense 
Louise Lockhart. He is survived by his widow. 
Mr. Williams was elected an Associate Member of the Society on January 


17, 1921, and a a Member on J July 1 12, 1926. ‘He became a Life Member in 1947, 
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‘Frank Wormald, the son of George and Emily (Urianek) Wormald, was 
born on June 30, 1915, in New York, N. Y. He was graduated from the College — : 

of the City of New York in 1939 with ‘the degree of Bachelor of Civil Engi- © 
elles and in 1949 was awarded the degree of Master of Science in Engi- 
‘neering from the University of California (Berkeley), 

Fora short time after graduation, Mr. Wormald taught engineering “« the 
College of the City of New York. He then ‘undertook two short assignments : 
in New York State for the Survey and the United States Engineers, 


section at Mare Island Navy ‘Yard, Vallejo (Calif. 
* _ Except for a short interval of teaching and research at the University of 
California and a few weeks during which he was loaned to another | structural — 
engineering office in San Francisco, Calif., Mr. ‘Wormald employed by 
George Washington, civil and structural engineer, in San Francisco 


Mr. Wormald was a member of Tau Betg Pi and a , licensed civil and struc- 
engineer in California, He was a resident of Mountain View, Calif. 


On December 9, 1945, he was married to Armanini. He is survived 


eal Yo ARRIGO MAZZUCATO YOUNG, M. ASCE’ | bie elie’ 


ila 
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was g graduated ‘Gen. ‘the 
eS = Following graduation, he was associated with Pond and Pond, Architects, i 
later with the American Bridge ompany. Mr. Young went to 
Wash., in 1910 to organize the structural steel Stisitam. of the Moran Company. _ : 
i” In 1912 h he established h his own practice and in 1920 jo ined t the firm of Schack, 
Young and Meyers, Architects. 1940 he became the senior “partner in the 
architectural firm of Young and Richardson, which ‘subsequently became ‘Young, . 


_ 1 Abstract of memoir prepared by Howard C. Wood, M. ASCE. | 
Abstract of memoir prepared by DeMoss, M. ASCE. w 
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Tigo Mazzucato Young, the son of Bicknell an iza (Mazzucato) Young, 
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a ABSTRACTS. 
Richardson, Carleton aa Detlie. As an architect and engineer he planned 
many notable structures in the Pacifie Northwest. 
He was a member of the Seattle Building Code Commision in the 1920's 
“and later of the City Planning Commission and the Seattle Housing Authority. 
He belonged to the American Institute of Architects and the Society of Ameri- a 
can Military Engineers, 
Young was an accomplished musician. His: maternal ‘grandfather 
director of La Scala Opera House in Milan. 
On May 14, 1910, in Chicago, he was married to Edith Thackwell. mh 


is survived by his widow; two sons, Thomas, and and Richard; one daughter, Mrs. Mrs. 


Mr, Tom was elected a Member of the Society on October 14, — 


“LLOYD: OTTO ZAPP, M. ASCE: 


_ Lloyd Otto Zapp, the son of Hugo and Glendora (Otto) Zapp, was born 


on November 22, 1913, in Houston, Tex. He graduated from the Agricultural — 
‘and Mechanical College of Texas (College Station) with the of ‘Bachelor 
of Science in civil engineering in 1934. Min 
Following graduation, he started a career years with the 
=> Oil & Refining Company, a Texas corporation in which he rose to the — 


position of senior supervising civil engineer (1948-1956). In this capacity 
he aided the assistant chief civil engineer (Houston office) in all construction 

work for the production department throughout the company’s operations. 7 

Mr Zapp served as a major during World War II and in 1956 was pro- 

_ moted to the rank of lieutenant-colonel in the Houston marine corps ad 
unit. Between June, 1951, and January, 1952, during the Korean Conflict, 
Mr. Zapp served with the Petroleum Administration for Defense, a 
_ ton, D. C., as chief of the Construction Branch, Materials Division. Pee, 
7" Mr. Zapp was an outstanding leader in civic and community affairs, as 

£ as in company organizations. He was an active member of the Bethany 


Methodist Church of Houston; a member of the A. F. & A. M.; a president of 7 ' 
the Humble Club, Houston (1950); and a director of the “Humble Employees — 7 “ 
On February 21, 1935, at Houston, Mr. Zapp was married to Evlys 
44 Baggett. - He is survived by his widow; a son, mange; a daughter, Shirley; his = 


father; and one sister, | 
iy: Mr. Zapp was ‘elected a Junior of the Society on November 26, 1934; an = “y 


Associate Member on October | 20, 1947; ‘and a Member on November 30, 1953. 


of 4 prepared by 8S. w. and H. Stamper, 3 Members, 


and W. A. Castille, A. M. ASCE. ii 
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See WHEEL LOADS 


| 


; “The Effect of Traffic on Shel Cross, 
——— AND ACCOUNTING Section of a Runway Pavement,” _ 
See COSTS... also subheading Fi- Robert Horonjeff and John H. Jones 


nancin under relative subject (with discussion), 1035. 
See AMERICAN SOCIETY OF See also PAVEMENT AND PAV- 
CIVIL ENGINEERS—Addresses ; ING... ; TRAFFIC, AIRPORT | 
also under subject of address 20 Pattern of Interstation Air Travel,’ 
AERATION Daniel M. Belmont, 864.0 
See also OXYGENATION ss 3 
Study of High- -Rate 
Composting,” John S. Wiley and 
George W. Pearce (with discussion), 
AERIAL... gopter operating costs, 983. 
Ait... AIR SANITATION 


See DRAINAGE; FERTILIZERS AIR TRANSPORT 
(cross reference x thereunder) ; also “COSTS, 


"Detroit 
~ removal to Willow Run Airport and 


1940-1954 annual statistics, 615, 616 


Normalized interstation trips between 
 BUCKLI ING; | WHEEL larger centers in United States, show- 


2 ing interstation distances (nonstop 
weight, performance data, routes), September 17-30, 
speed (including comparison with “A Pattern of Interstation Air Travel,’ 
airplane speed), and power require- Daniel M. Belmont, 864. 
ments, 976, 978, 981. Cost and Heli- 
Jet aircraft and their influence on air- port David 
port developments, 614. ay Schnebly, 973. 
“Transport Helicopter Cost and Heli- AIRWAYS 
port See, AIR TRANSPORT 


William J. Oswald and Harold 


Helicopter in ‘commercial 


transport, 983. 


See CONCRETE va 


ACCELERATION AIRFIELDS ab 
(cross references See AIRPORT... ‘ | 
} 

— 
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By 
— 
— 
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— my See STRUCTURES, THEORY OF 
— 


‘ALINEMENT CURVES ARCH DAMS 
See CURVES (alinement curves) See DAMS, ARCH ‘reference 


‘ALLUVIATION 
See SILT See DAMS ARCH. (cor refer 
¢ ence thereunder 
ERICAN SOCIETY OF CIVIL 
 1957—Address at the Summer Conven- TURE 
tion, Buffalo, N. Y., June 5, 1957, ‘See under type of structure, 
Memoirs of Members. See name of ASPHALT PAVEMENT AND PAV- 
A 
ANALOGS AND ANALOGIES BITUMINOUS 
“a WELLS; see also ELECTRIC See SOCIETIES, TECHNICAL; see 
ANALOGY (cross references there- AMERICAN SOCIETY OF 
ANALYSIS, DESIGN ATMOSPHERIC POLLUTION 
See under relative subject, See AIR SANITATION (cross ref- 


““STRUCTURES, THEORY O erence thereunder) 
ANALYSIS OF DATA AUTHORITIES 
RIVER VALLEY AUTHORI- 


_ thereunder); MATHEMATICS; 4 is 
PROBABILITY, THEORY OF; ‘AUTOMOBILE rol, anid 
ANALYSIS, STATISTICAL AUTOMOBILE ACCIDENTS 
See STATISTICAL ANALYSIS See HIGHWAYS AND ROADS— 
ANALYSIS, STRUCTURAL AUTOMOBILE TRUCKS 
See STRESS AND STRAIN; See MOTOR TRUCKS (cross. refer- 


SeeWATERANALYSIS See AIRPORT APPROACHES tive 


See COLUMNS fi 


“Intermittent Discharge of Spent Sul-— 

thereunder) mol “Photosynthesis in Sewage Treatment,” 

a al William J. Oswald and Harold B. 


under relative eg, CON- BANKS AND BANK PROTEC- 
CRETE; WAVES; also under TION, RIVER | 


APPARATUS bre Ras Gotaas (with discussion), 73. 
"general types of apparatus, e.g, VI- See RIVER BANKS AND 


BRATION RECORDING A APPA- | 
_-RATUS; see also INSTRUMENTS 
references thereunder 
TOOLS (cross references there- BANK STABILIZATION, RIVER 
APPARATUS, DEFLECTION RE- FROTECTION (cross 
BASINS (depression in earth’s surface) 
“3 See DRAINAGE; RIVER BASINS 
24/ (cross references thereunder) ; RES- 
“AQUIFERS  BRVOIRS...; RIVER VALLEY 
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_ BASINS, SPREADING ‘BIOGRAPHIES OF DECEASED 


ee cross reference under 
‘BEACHES F'DECEASED MEMBERS. 


See EROSION, BEACH; ‘SHORES also p. 1229) wie 


“AND SHORE PROTECTION 


 ¢ 
BITUMEN 


7 
BEAMS Seg PAVEMENT AND PAVING, 


See BUCKLING; CONNECTORS» 


AND CONNECTION; FLANGES 


of Soft Clay Along, Fric- 


and George W. 705. 


er BOGS» A at 
| BOILER PLATE 
See STRESS AND STRAIN— -Beam 3 STEEL ovals = Wa 
Continuous; STRUCTURES, THE. 
OF—Beams and Girders, Con- JOINTS 
tinuous; STRUCTURES , THE- See JOINTS (General) 
BEARING CAPACITY (foundations See ANCHORAGES, COLUMN 
For more general interpretation see ATAG YO AAA 
See also ‘DRILLS AND DRILLING 
1 


Bet Vane Shear Tests of Sensitive — BOUNDARY LAYER, THEORY OF a 


Cohesive Soils,” Hamilton Gray "(fluid flow) 
MOTI 
(with discussion), OMOT Tied WATER, FLOW OF .. 


Soil tance to d d 
See WATER PRESSURE; WAVES 


in Elastic Plates over Flexi- 


ble Subgrades,” Eric Reissner, 627. BRIDGES 


BED TOA See COLUMNS; PILES AND P PLE 
“DRIVING; 3; VIBRATION 


See RIVERS; SILT AND SILT- 
ING...; TURBULENCE; WA- BUCKLING ii ce 
TER, NELS IND “OPEN “Inelastic Buckling of Nonuniform 
_ CHANNELS” umns,” John E. Goldberg, John L. 
ea and Hsu Lo, 722, 


“Lateral Buckling of Elastically End- 
See SILT AND. SILTING. Restrained I-Beams,” Walter J 


4 
BENDING | Amtia, Shahen Yegian and P 


BUCKLING; © MOMENTS; Tung, 374 
‘STRESS AND STRAIN; also un- = “Lateral Buckling of ‘Rolled 


der relative structure, structural part Beams,” Robert A. Hechtman , John 
or material, e.g., PILES AND PILE _Hattrup, Eugene F. Styer and 


TRUSSES. John L. Tiedemann, 823. 
BIBLIOGRAPHY _ “Plastic Strength of Steel Frames,” 
S. Beedle (with discussion), 


1% ative subject. (C omprehensive bib- 
liographical footnotes existing in in- ‘BUILDING MATERIALS 


dividual papers in which books and al OF CONSTRUC- 


material are } UA 
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MATERIALS OF CITY PLANNING; COSTS...;. 
OF MATERIALS; STRESS AND PRESSWAYS (cross reference q 
STRAIN...; STRUCTURES... ; thereunder); HEAT AND HEAT 
a impulsive Metion_ Elasto- 
ety hear Buildings,” dward hen, 
L L E. thereunder) ; "REFUSE 
ethods of determining moment-rota- WATER FRONT (cross ref- 
characteristics for common types erentes thereunder) ; WATER SUP- 
PLY; also geographical subheadings 
under. relative subject, eg, HAR- 
BORS—New York, N.Y. 
> ‘New York City metropolitan a area wa- 
heads; waves cyclical variations, 872, 
‘BULEHEAD WALLS win we “Urban Renewal of American Cities,’ 
See RETAINING WALLS James W. Follin, 330, 


See WATER PRESSUR also’ HOUSING 
‘CANAL LININGS __ “STREETS; TRAFFIC, STREET’ 
“Measurement of Canal Au “Observations on the Urban Transpor- 
gust R. Robinson, Jr. Carl tation Problem,” Harmer E. Davis, 
4 


of column anchorages in light indus 

BULEBEADS.. 

See STRESS AND STRAIN—Bulk- 


SEEP AND AMERICAN SOCIETY OF 
CHANNEL; WATER, CIVIL AND ENGINE ENGI. 
FLOW OF, IN OPEN CHAN: NEERS AND ENGINEERING 
WATERWAYS (cross cross references thereunder) 
‘CANALS, IRRIGATION See also SHEAR; ; SOIL. TILE 
AIRCRAFT; ; MOTOR.. (with discussion), 844, an 
‘references thereunder) ; RAILROAD © COAST KES 
. (cross ‘references thereunder) ; = 


_ JS h ... Model Tests, Analysis, and Observa- 
ences t ereunder) ; TRAFFIC. bass f 
CHANNELS TH ob tion o an Arch Dam,” Manuel Rocha, 


Laginha ‘Serafim, Antonio F. da 
_ See EROSION, STREAM; RIVERS; ‘Silveira and Jose M. Ressurrecao 
SILT AND ‘SILTING, | CHAN. Neto (with discussion), 903. 
NEL; WATER DIVERSION ¢ COLLEGES AND SCHCOLS, EN. 
CHANNELS; WATER” POLLUL See EDUCATION ber 


CHARTS See also ‘BUCKLING; _CONNEC- 
CHEMISTRY  *PURES, THEORY OF-—Columns ; 

See under relative technical subject, also under name of material, e.g., 
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4 COLUMNS «Baiture of Plain C Concrete. Com- 
“Moment- Rotation Characteristics of bined Stresses,’ Boris Bresler and 
Column Anchorages,” Charles Karl S. Pister (with discussion), 
Salmon, Leo Schenker, and Bruce G. (10489, 
COMMERCE Ser DAMS, MASONRY AND CON- 

“4 PORT; CANALS (cross references CONCRETE—METAL 
thereunder) ; ; CHANNELS (cross See cross reference “under REIN- 


references thereunder); CITIES; FORCED CONCRETE 
DOCKS AND WHARVES; HAR- 
LAKES; RIVERS; COM AVING PAVEMENT AnD 


AVING 

* relative subject headings; WATER- PAVEMENT AND PAVING, 


COMPACTION GONCRETE, REINFORCED 
See BEARING CAPACITY; IM- See CONCRETE... 
COMPOST AND COMPOSTING 
«See under type of waste, e.g., REFUSE See also JOINTS... 
See STRESS AND STRAIN 
John L. Tiedemann, 8 AYA 
SeeCOLUMNS See FISH INDUSTRY (cross refer 
COMPRESSION TESTS, SOIL thereunder); GROUND WA- 


See SOILS— "TER; SOTLS—Conservation; WA- 


See also FAILURES, CONCRETE; CONSOLIDATION TESTS, som 


PAVEMENT AND PAVING, See SOILS—Tests and ‘Testing 
CONCRETE; SAND; SEEPAGE; ‘CONSTRUCTION AO 
_ AND STRAIN—Concrete See BUILDINGS; COSTS...; 
General) ; also under struc- CURVES (alinement curves) 
=, -FAILURES...; SPECIFICA- 
TIONS (cross reference  thereun- 
+ Air | entrainment effect on pore pressure der); STRESS AND STRAIN. 
‘Penetration: and permeability, STRUCTURES, THEORY OF.. 
Construction CONSTRUCTION CURVES 
under special structure CURVES (alinement curves) 
‘Cracks and Cracking 


Stresses,” Boris Bresler mS TION (cross references 
Karl ‘S. Pister (with discussion), _ CONSUMPTIVE USE (water) 
Basic in establishing design ‘CONTAMINATION, STREAM 


principles, 609, 610. WATER POLLUTION 


Mixes and Mixing ‘CONTINUOUS BEAMS 


mixes in their relation to per- See BEAMS, CONTINUOUS (« 


_ meability, pore pressure and air en- references thereunder) 
$87, 991, 9%, $96, 603. CONTINUOUS 
Tests and Testing "See STRUCTURES, THEORY OF 
Equipment for measuring forces and —Frames, Continuous ; gee also 
_ deformations produced by pore pres- a BEAMS (cross references thereun- 
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United States epartment of the 
Civil Engin Society Interior, and other 556. 
of Civil Engineers) costs, SEEPAGE 
AMERICAN SOCIETY» OF 
ENGINEERS—Addresses 


also subheading Fingering under 


elative subject Algal cell ‘separation | cost as “related to 


Ai ae use of photosynthesis i in sewage treat- 
See COSTS. faa estimating methods, 96, 98, 
COSTS, AIR TRANSPORT 
Nearby airport ‘redevelopment com- costs, TRANSPORTATION 
pared with newly developed outlying Operating usage urban 
with longer ground ___ transportation, 289. 


“Transport Helicopter Cost and Heli- Arctic water supply economic condi- 
Considerations,” F. Da vid tions in relation to high costs, 


COSTS, CITY_ IMPROVEMENT COURT DECISIONS 
“AND SERVICE under. relative subject 
Local and federal grants in relation a the —sabject LAW _ 


urban renewal 335, 336. _ GROUND WATER LAW) 
COSTS, DRAINAGE ‘CRACKS AND CRACKING 
See under relative subj ect, eg., CON- 
Earth fills with culverts versus brid = 


q 


y EES PAS My 
s, 542, 543, 547 953, CULVERTS 
F a 
costs, i also FAILURES, CULVERT j 


See OCEAN CURRENTS; WAVES" 
CURVES (alinement curves) at 


costs, JOINT CA) Aartman, 389. Discussion: ‘Thomas 
High strength bolted connections F. Hickerson, C. C. Wiley, Allen H. 
i re sus rivets, 20. 


val costs, ‘LEVEE  Osculating circle “theory,” 389, 4 


403,409. 
Levee cost compared to da - 
costs, MODEL TESTING Paul Hartman (with discussion), 64. 


Trial-load analysis computation and CURVES (construction curves) 


model studies compared, 947, 948. CURVES (alinement | curves) 


COSTS, PAVEMENT AND ‘PAV. (CURVES (design curves) 
pared for uniform and variable thick- CURVES" ‘(transition curves) 
mess, 1044, 1046, 1047. “ab CURVES curves) 
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FREQUENCY or structural part, e.g., BEAMS... ; 


SHELLS See FAILURES ... ; STRESS 
See DOMES AND VAULTS = ORY OF: STRUCTURES 


also ‘under type of material, 
= CONCRETE; SOILS; also 


OILS 
also COFFERDAMS; GROUND type of structure 
‘WATER; MODELS, 'HYDRAU- DEMINERALIZATION 
LIC; RESERVOIRS...; SPILL- TER wa 
““River- Bed Degradation Below Large- (See under relative subject, e.g., 
4) CONCRETE; DOCK S AND 
Capacity Reservoirs, WHARVES; see also DRAWINGS 


| IFICATIONS (cross reference there-_ 
STRESS AND STRAIN-—Dows, _STRUCTURES, THE- 


ARCH (cross reference thereunder) ; SPEC- 


See DAMS, MASONRY AND CON- under __ relative subject, 

CRETE ALI _ STRUCTURES, THEORY 


DAMS, EARTH DESIGN CURVES 
See SEEPAGE re ty See CURVES (design curves) (cross 


reference thereunder) 


‘See DAMS, MASONRY AND DIAGRAMS 
CRETE See RIVER BANKS AND BANK 


PRESSURE GROUND WATER; PUMPS 


4 Hydrostatic uplift uncertainty and vari- AND P P is 
ances in design assumptions, 587, 588. FLOW WATER, | 


“Permeability, Pore Pressure, and 
lift in Gravity Dams,” Roy W. Carl-_ DUCHARGE NTS 

son, 587. Discussion: Bryant Mather, * SPILLWAY Ys _ subject, 

and Roy W. Carlson, 603. DISEASE 


| DERINEEIONS PUBLIC HEALTH (cross 

“Recovery of Usable Water 3 

_ Apparatus for measuring shear deflec- ‘Charles E. Ri hh a 
tion of wide flange steel beams in the __ eimer, 

‘DEFLECTIONS STRESS AND STRAIN; TOR- 

ences thereunder); MOMENTS; 
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‘SUBJECT INDEX 
SUBJECT INDEX = 
CULVERT 


See also H ARBORS: PILES. AND. “DROP STRUCTURES 
is and See WATER, DUTY OF 
DOMES AND VAULTS #£.DYNAMICS OF STRUCTURES 
See also STRUCTURES, THEORY See STRUCTURAL DYNAMICS 
“Moments in Domes Built into Cyl- also. GROUND... LAND. 


SOIL 
and ¥ (cross 1 references thereunder) ; 


Ee, 
See also COSTS, DRAINAGE; CUL- See DAMS, EARTH (cross. 
VERTS; IRRIGATION; LAND thereunder) 


RECLAMATION (cross references EARTH M OVEMENTS 
thereunder ) I ES © AND PIP- d 
ING; RUNOFF; "VALLEYS See EARTHQUAKES | (cross refer- i. 


age, eg, HIGHWAYS AND EARTH PRESSURE 
__ROADS—Drainage “Analysis for Sheet-Pile “Retaining 
historic outline of land drain- Walls,” F. E. Richart, Jr 


age in the United States, 118, discussion), 1113. 


h “Stresses in Elastic Plates | over Flexi- 
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Mohr’s internal friction theory pro- 

posed for concrete, 1050, 1063, 1064, 

“Model Tests, Analysis, and Observa- 

tion of an Arch Dam,” 

Rocha, J. Laginha Serafim, , Antonio 

F. da Silveira, and Jose M. Ressur- 

reicao Neto, 903. Discussion: 

fin D. Copen ; A. 1 Warren Simonds; 


1290 

— 

— 

— 

| 

| 

— 
j 
— | Frames, 
— 
| 
| 
— | 

— ‘a 

q 
q 
— 

2 

> 


SUBJECT INDEX 
STRESS A AND STRAIN (Continued) STRUCTURAL DYNAMICS. 
and Manuel Rocha, J. La- See also STRUCTURES, THEORY 
_ginha Serafim, Antonio F. da Sil- OF; VIBRATION.:; 
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in Gravity Dams,” Roy W. Carl- See JOINTS teri? 


‘Docks and Wharves MATERIALS OF CONSTRUC- 
“The Design of Piers, ‘Jetties, TION (cross references thereunder) 


See _ MEMBERS, STRUCTURAL 


Buckling of ‘Elastically End- 
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John Tiedemann, 823 See BUILDINGS; CONSTRUC- 
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quirement, consumptive use of water, PLASTICITY 
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See BUCKLING; | ELASTICITY; under types of tools or usage, e.g., 


JOINTS; also cross references under 
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ay Fluids,” Thomas E. WATER INVASION (cross refer- 
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See also _ BACTERIA; WATER instruments and methods, 313, 315. 
TREATMENT" “An Experimental Study of Boundary- 

“The Analysis of Water Samples for = Layer 
Cyclical Variations,” Alex N. Dia- nett and Char €s ee 
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“Water Control in Central and South- — 
em Hacold A. Scott, 211. 


United States = 


“Recovery 0 of Usable from Saline 
Water,” David B. Smith and 
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Glover ; Vaughn E. Hansen; James 
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